Rho GTPases Signalling and PAK Function During Zebrafish Development by TAY HWEE GOON
 
 
RHO GTPASES SIGNALING AND PAK FUNCTION 





TAY HWEE GOON 








A THESIS SUBMITTED 
 





NUS GRADUATE SCHOOL FOR INTEGRATIVE 











First and foremost, I would like to give my thanks and gratitude to my supervisor, Ed. He has 
definitely provided me in abundance which include bountiful of wisdom, guidance, 
‘resources’ and sometimes ‘cold’ sense of humour which I deeply appreciate and never forget. 
In short, these four years of study have been an extremely humbling experience but yet 
enriching one. One that I would never exchange for something better. 
 
IMB is like my second home where I spent most of my four years of post graduate studies. It 
is also a place where I spend my invaluable time with my colleagues who are like my family 
members. It has been great fun doing science with this bunch of friends. This includes every 
young and senior scientist in sGSK lab as well as my lunch buddies from other labs! 
 
My heartfelt thanks go to my dearest family members who have been supportive and patient 
with me all this while. Without them, I will never get to have hot dinners after every late night 
experiment. My bunch of ‘childhood’ buddies who never fails to listen to my grumblings (a 
form of stress out) during late suppers and provided me with amazing ‘advice’. 
 
Last but not least, it is definitely my fiancé who has been a rock in my life! He has been there 
throughout the ups and downs during the course of study. 
 
THANK YOU VERY MUCH to every single person who has helped me in one way or the 
other! This experience has indeed made my life richer than ever. 
 i
TABLE OF CONTENTS 
 
Acknowledgement............................................................................................................................ i 
Table of content............................................................................................................................... ii 
Summary......................................................................................................................................... vi 
List of Figures...............................................................................................................................viii 
1. Introduction (Chapter 1) ........................................................................................................... 1 
1.1. Rho- GTPase superfamily .........................................................................................1 
1.1.1. Role of Rho GTPases in development .............................................................2 
1.2. Zebrafish animal model .............................................................................................4 
1.2.1. Early zebrafish embryonic development- Epibolic morphogenesis ................5 
1.2.1.1. Yolk cytoskeleton in epiboly.....................................................................7 
1.2.2. Cell migration regulated by adhesion during epiboly......................................8 
1.2.2.1. Regulated adhesion by E-cadherin during epibolic movement .................8 
1.2.2.2. Regulation of epiboly by other adhesion molecues.................................10 
1.2.2.3. Regulation of epiboly by kinases ............................................................11 
1.3. Implication of Rho GTPases in cadherin mediated cell adhesion .............................11 
1.4. Rho GTPases in Wnt signalling pathway ..................................................................12 
1.5. The conventional p21- activated kinase (PAK) family .............................................13 
1.5.1. PAK1 in cytoskeletal events ..........................................................................14 
1.5.2. Physiological functions of PAK1...................................................................15 
1.5.2.1. role of PAK1 in Fragile X syndrome ......................................................16 
1.6. The non-conventional p21- activated kinase (PAK) family ......................................17 
1.6.1. Biological roles of PAK4...............................................................................19 
1.6.1.1. Anti- apoptotic effect of PAK4 ...............................................................20 
1.7. Objectives of research ...............................................................................................21 
2. Materials and Methods (Chapter 2)...................................................................................23 
 ii
2.1. Plasmid constructs and cloning .................................................................................23 
2.1.1. Polymerase chain reaction (PCR) ..................................................................23 
2.1.2. Restriction enzyme digestion and DNA electrophoresis ...............................24 
2.1.3. DNA Ligation ................................................................................................24 
2.1.4. Preparation of competent cells and transformation .......................................24 
2.1.5. Purification of plasmid DNA.........................................................................25 
2.1.6. Site- directed mutagenesis .............................................................................25 
2.2. RNA methodology for zebrafish ...............................................................................26 
2.2.1. RNA extraction and purification....................................................................26 
2.2.2. Reverse transcription of RNA- Synthesis of cDNA ......................................26 
2.2.3. In- vitro synthesis of RNA.............................................................................26 
2.2.4. Whole mount RNA in-situ hybridization.......................................................27 
2.3. Zebrafish immunohistochemistry ..............................................................................27 
2.3.1. Immunostaining on zebrafish embryos..........................................................27 
2.3.2. Generation and purification of polyclonal antibody ......................................28 
2.3.3. Phase contrast and confocal laser scanning microscopy................................28 
2.4. Morpholino injection and rescue experiment in zebrafish embryos..........................29 
2.5. Xenopus Caps Assay .................................................................................................29 
2.6. Cell Culture techniques .............................................................................................30 
2.6.1. Mammalian cell expression ...........................................................................30 
2.7. Protein methodology .................................................................................................30 
2.7.1. Protein extraction from mammalian cell cuture.............................................30 
2.7.2. Protein extraction from zebrafish embryos....................................................30 
2.7.3. SDS polyacrylamide gel electrophoresis (SDS- PAGE)................................31 
2.7.4. Western blotting.............................................................................................31 
3. Results (Chapter 3)............................................................................................................32 
3.1. The spatio- temporal expression of RhoV/Chp in zebrafish development ................32 
3.2. Reduced expression of Chp affects epibolic morphogenesis.....................................37 
 iii
3.3. MO treatment reduces Chp levels in all three major cell groups in epiboly .............40 
3.4. Chp MO treatment does not affect mesodermal cell fate specification and early 
patterning...................................................................................................................41 
3.5. Chp inhibits cell movements during mesoderm induction in Xenopus caps assay ...42 
3.6. Chp depletion does not disrupt the leading edge actin cytoskeleton .........................44 
3.7. Chp is required for the normal organization of E-cadherin .......................................46 
3.8. Chp signaling maintains both E-cadh and β-Catenin at cell-cell junctions ...............50 
3.9. Interfering with βPIX phenocopies Chp....................................................................52 
3.10. Active PAK1 is detected at cell adhesions and requires Chp ...................................... 57 
4. Results (Chapter 4) ................................................................................................................. 63 
4.1. PAK1 KID binds to FXR-1............................................................................................ 63 
4.2. KH(2) domain of FXR-1 binds to PAK1 KID .............................................................. 67 
4.3. Phosphorylation of a conserved FXR1 Ser420 is needed for in vivo function............. 69 
4.4. Rational design of a PAK1-binding defective version of FXR1 .................................. 74 
4.5. Synthetic effects of PAK inhibition and loss of FXR1 ................................................. 75 
5. Results (Chapter 5) ................................................................................................................. 80 
5.1. PAK4 kinase activity and association with 14-3-3 and Cdc42 ..................................... 80 
5.2. Active PAK4 and a conserved T207 critical for 14-3-3 binding .................................. 80 
5.3. Activated Cdc42 promotes 14-3-3 binding to PAK4 .................................................... 85 
5.4. Nuclear-cytoplasmic shuttling of PAK4 via conserved protein motifs ........................ 88 
5.5. Anti- apoptotic role of PAK4 in zebrafish..................................................................... 91 
5.6. Binding of Cdc42 and kinase activity not crucial for PAK4 function........................ 101 
6. Discussion (Chapter 6) ......................................................................................................... 105 
6.1. Rho GTPases and cell-cell junctions ........................................................................... 106 
6.2. Pathways involved in regulating E-cadherin localization ........................................... 107 
6.2.1. Regulation of development by PAK1 signalling............................................. 109 
6.2.2. Other functions of PAK and PIX in- vivo....................................................... 111 
 iv
6.3. A new target for active PAK1 - the KH2 domain of FMR1 and FXR1 ..................... 113 
6.3.1. FMR1 phosphorylation and its possible roles ................................................. 114 
6.4. Significance of PAK1, FMR1 and FXR1 interaction ................................................. 115 
6.5. The role of PAK4 in zebrafish ..................................................................................... 116 
7. Concluding comments and future experiments ................................................................... 119 
8. Bibliography ......................................................................................................................... 122 
9. Appendices ........................................................................................................................... 144 
9.1. I Primer sequences........................................................................................................ 144 
9.2. II MO sequences........................................................................................................... 146 
 v
SUMMARY 
This thesis describes the use of zebrafish to study the role and mechanisms of Rho GTPase 
signaling.  The primary focus has been the vertebrate- specific Cdc42-homology protein (Chp) 
and of the important downstream effector kinases PAKs. In epiboly, Chp is shown to be 
essential for the early cell surface localization of E-cadherin (E-cadh) and β-catenin (β-cat) at 
adherens junctions. Early development in zebrafish requires that embryonic tissues form by 
modulation of both cell adhesiveness and cell movement to orchestrate the complex processes 
of epiboly and gastrulation. Early on E-cadherin (E-cadh) mediated cell-cell adhesion 
functions in all cell layers. Regulatory mechanisms involving directed E-cadherin trafficking 
through the endosomal system have been invoked, but how this process is specifically 
modulated is not known. I have shown that loss of Chp, or expression of dominant inhibitory 
Chp, is accompanied by mis-localized E-cadh (with intact F- actin) prior to gastrulation. This 
signaling pathway involves activation of the ubiquitous effector kinase PAK, and 
involvement of the PAK-interacting exchange factor PIX. Loss of signaling by any of the 
three components results in the same underlying defects. These experiments provide the 
earliest known function for PAK1/2 in vertebrate development. 
 
Because the 'fragile-X syndrome" RNA binding proteins; FXR1 and FMR1 have been 
identified as direct binding partners for mammalian PAK1, I have also applied the zebrafish 
model to understand how this interaction applies to the role of FXR1 in muscle development. 
I have demonstrated that a loss-of-function FXR1 mutant (I304N) that fails to bind PAK1 is 
also unable to compensate for loss of Zf FXR1 in development suggesting the PAK1 kinase 
interaction is essential.  The FXR1 KH(2) surface mutant Q348K/E352A is similarly 
defective. Binding of PAK1 to FXR1 (or FMR1) leads to phosphorylation of Ser-420 that is 
essential for FXR1 function.  
 
 vi
The functions of the Cdc42 target PAK4 are elusive due to its early embryonic lethal 
phenotype in mice. In a series of rescue experiments in zebrafish, I have shown that human 
PAK4 is able to compensate for loss of fish PAK4, and have been able to test what domains 
on PAK4 are essential for its early role in development. In these experiments it is clear that 
PAK4 needs to be cytoplasmic since a mutant nuclear localized PAK4 is non-functional. 
Detailed experiments reveal the importance of PAK4 in preventing cell apoptosis and for 
proper brain development in zebrafish embryos. I describe a series of experiments that 
address the importance of PAK4 binding sites for 14-3-3 and Cdc42. 
 
Overall these experiments demonstrate the utility of conducting loss-of-function experiments in 
a model vertebrate to understand the role of proteins that are either vertebrate-specific or are 
involved in signaling pathways that are not well conserved in lower organisms. 
 vii
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1.1 Rho- GTPase superfamily 
The Rho family of proteins (generically commonly known as p21 due to their apparent 
mobility) are Ras homology proteins first discovered in the sea slug, Aplysia (Madaule and 
Axel, 1985). They play pivotal roles in a broad range of cytoskeletal activities that are 
required for cell migration, cell polarization and cytoskeletal rearrangements (Etienne-
Manneville and Hall, 2002; Raftopoulou and Hall, 2004; Wennerberg and Der, 2004). They 
are described as Ras-like "molecular switches" that are distinguished by the presence of the 
Rho-type insert sequence. These single domain proteins switch from the inactive GDP-bound 
to the active GTP-bound state; this switch is facilitated by three main groups of proteins, 
namely; guanine nucleotide exchange factors (GEFs), guanine activating proteins (GAPs) and 
guanine nucleotide dissociation inhibitors (GDIs) (Etienne-Manneville and Hall, 2002) (Fig. 
1.1). GEFs activate Rho GTPase by catalyzing the exchange of bound GDP with cytosolic 
GTP, whereas GAPs promote intrinsic hydrolysis of the GTP (Etienne-Manneville and Hall, 
2002). GDIs provide a chaperone function by masking the isoprenoid group at carboxyl 
terminus of Rho GTPases, and allowing translocation between membrane compartments 
(Etienne-Manneville and Hall, 2002). The majority of the Rho GTPases contain a motif 
termed 'CAAX' at the carboxyl end for post-translational prenylation that occurs in the 
following order: 1) cysteine residue addition by geranylgeranyl or farnesyl isoprenoid lipid, 2) 
the removal of the tripeptide AAX residues by a prenyl protein-specific protease Rcel and  3)  
carboxy-methylation of the prenylated cysteine (Wennerberg and Der, 2004). 
 
Excluding the mitochondrial Miro isoforms, there are 20 human Rho genes encoding 23 Rho 
GTPases isoforms; these are termed Rac1, Rac2 and Rac3, RhoG, Cdc42, TC10/RhoQ, 
TCL/RhoJ, Chp/RhoV, Wrch1/RhoU, RhoA, RhoB and RhoC, RhoD, Rnd1, Rnd2 and 
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Rnd3/RhoE, Rif/RhoF, RhoBTB1, RhoBTB2 and RhoH/TTL (Salas-Vidal et al., 2005). 
There are 7 genes encoding Rho proteins in fruit fly (Drosophila melanogaster), 5 in worms 
(Caenorhabditis elagans), 15 in slime mould (Dictyostelium discoideum) and 32 in zebrafish 
(Danio rerio) (Salas-Vidal et al., 2005). 
 
 
Fig. 1.1 Regulation of Rho GTPases. They act as molecular switches and usually cycle 
between active (GTP- bound) and inactive (GDP- bound) state via the tight regulation of three 
proteins. Guanine nucleotide exchange factors (GEFs) mediate activation of Rho GTPases by 
the exchange of nucleotide. GTPase activating proteins (GAPs) negatively regulate the Rho 
GTPases by stimulating GTP hydrolysis. Guanine nucleotide exchange inhibitors (GDIs) are 
able to block GTPase cycle by sequestering the GDP-bound form. 
 
 
1.1.1 Role of Rho GTPases in development 
RhoA, Rac1 and Cdc42 are best characterized by work in mammalian cell cultures. RhoA 
regulates cell shape, attachment and motility by stimulating bundling of actin filaments into 
stress fibers and focal adhesions (Wennerberg and Der, 2004). Rac1 promotes actin 
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reorganization to produce lamellipodia that consist of thin protrusive actin sheets resembling 
curtain-like extensions at the leading edge of migrating cells (Wennerberg and Der, 2004). 
The polarization protein Cdc42 defines cell orientation and can induce filopodia, which are 
finger-like cytoplasmic projections rich in actin that could be involved in sensing of the 
extracellular environment (Wennerberg and Der, 2004). 
 
Cdc42 knockout (KO) mice is embryonic lethal and the embryos often lack primary ectoderm 
(Heasman and Ridley, 2008). Conditional Cdc42 KO in mouse epidermis resulted in 
differentiation of epidermal keratinocytes instead of hair follicle cells and reduced level of β- 
catenin was observed (Heasman and Ridley, 2008). Rac1 KO mice also have an early 
embryonic lethal phenotype and showed defects in germ layer formation (Heasman and 
Ridley, 2008). However, Rac2 and Rac3 KO mice do not show any developmental defects 
(Heasman and Ridley, 2008). RhoA KO is not reported. RhoB and RhoC null mice are viable 
with no major developmental defects observed (Heasman and Ridley, 2008). 
 
In zebrafish, seven contigs encoding the putative Cdc42 subfamily genes are identified with 
five containing complete coding sequences and two with only partial sequences (Salas-Vidal 
et al., 2005). Because of their largely conserved exon organization, three sequences are 
designated as Cdc42 homologs, one as RhoJ homolog, two as RhoU homologs and one as 
Chp/ RhoV homolog (Salas-Vidal et al., 2005). To date, little is known about the 'atypical' 
Rho proteins including Chp (Cdc42 homologue protein) which seems to have arisen during 
vertebrate evolution. Chp was first discovered as an interacting partner at the regulatory 
domain of PAK2 and was proposed to selectively activate JNK MAP kinase pathway 
(Aronheim et al., 1998). Chp contains a proline rich amino terminus which is absent in Cdc42 
but lacks the classic CAAX box at the carboxyl terminus (Chenette et al., 2005). Unlike most 
GTPases, it is not C-terminal prenylated but rather undergoes C-terminal palmitoylation 
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which is a reversible modification (Chenette et al., 2005). However in zebrafish, Chp does not 
have the proline rich amino terminus (Salas-Vidal et al., 2005). It was found that Chp is 
highly expressed in pancreas, placenta, brain and testis (Aronheim et al., 1998). But lower 
expression is observed in spleen and lung (Aronheim et al., 1998). It is reported as an early 
expressed neural crest marker in frogs and interference in the activity could result in a loss of 
cranial neural crest derived structures (Guemar et al., 2007). Whole mount in-situ hybrization 
analysis indicates Chp/ RhoV are expressed early in chick embryonic development, and 
during gastrointestinal tract development (Notarnicola et al., 2008). Since not much is known 
about the regulation of Chp/ RhoV in development, one of the main focuses of my research 
was to further explore the biological role and define the cellular function of this protein in the 
zebrafish embryo. 
 
1.2 Zebrafish animal model 
It is only recently that the significance of Rho GTPases in vertebrates has started to be 
explored. Studies on the the conserved RhoA, Rac1 and Cdc42 proteins have demonstrated 
their participation in early embryonic development including gastrulation, in particular 
convergent extension movements and neurulation (Choi and Han, 2002; Habas et al., 2003; 
Lai et al., 2005; Sugihara et al., 1998). These studies showed that the zebrafish embryo is a 
suitable animal model to study early embryogenesis because it develops externally from the 
maternal body and is optically translucent that allows ease of observation throughout the 
developmental stages. Basically, after early developmental period of rapid cleavages, the 
zebrafish embryo undergoes gastrulation after the blastula stage and continues to develop and 
reach the pharyngula stage after 24 hours to become a bilaterally organized vertebrate. 
Furthermore, it also provides the ability to manipulate protein expression through 
translational repression, such as the use of morpholinos (MOs) (Eisen and Smith, 2008). 
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Thus, the zebrafish embryo has been employed in my research to study Chp/ RhoV and also 
to analyze the physiological roles of the downstream interacting partners. 
 
1.2.1 Early zebrafish embryonic development- Epibolic morphogenesis 
During gastrulation, the embryo undergoes a series of morphogenetic events that 
simultaneously determine cell fates and the rearrangement of cells into three distinct germ 
layers (Montero and Heisenberg, 2004). Early epiboly in zebrafish is the process when the 
blastodermal cells spread over the yolk as they migrate from the animal pole to vegetal pole. 
(Montero et al., 2005; Montero and Heisenberg, 2004). During the late blastula stage, the 
embryo then consists of an outer epithelium layer called the enveloping layer (EVL), the deep 
cell layer (DEL) and the yolk syncytial layer (YSL) (Montero et al., 2005; Montero and 
Heisenberg, 2004; Solnica-Krezel, 2006). The epithelial-like EVL is usually adhered to the 
YSL at its most vegetal margin and thus sandwiches the DEL during epiboly (Fig. 1.2). At 
50% epiboly, the embryonic germ ring will form when the cells start to accumulate and 
thereby is thickened at the margin of the blastoderm (Montero et al., 2005). During the 
formation of the germ ring, the DEL cells move upwards into more superficial layers by 
means of radial intercalation and also thinning by extending over the yolk cell during vegetal 
movement of the YSL (Montero et al., 2005; Montero and Heisenberg, 2004). It appears that 
the embryo proper is mainly contributed by the DEL cells and EVL providing the structural 
support (Wilkins et al., 2007). The role of YSL seems to be analogous to the mouse visceral 
endoderm in which extra- embryonic structures may regulate early embryonic patterning in 
verterbrates (Wilkins et al., 2007). During the course of development, the blastodermal 
progenitor cells will then form the ectoderm, mesoderm and endoderm (Montero and 
Heisenberg, 2004).  The mesoendodermal progenitor cells will internalize to form the 
hypoblast which will later form the mesodermal and endodermal germ layers (Montero and 
Heisenberg, 2004). However, the layer of ectodermal progenitor cells known as epiblast is 
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positioned above the hypoblast. It does not involute and will later give rise to ectodermal 
germ layer (Montero and Heisenberg, 2004). In addition, both the hypoblast and epiblast will 
undergo convergence towards the dorsal side of the gastrulae and medio-lateral cell 
intercalations leading to thinning and extension along the anterior-posterior body axis 
(Montero and Heisenberg, 2004). It takes about 10 hours post-fertilization (hpf) to completely 
cover the yolk at the end of gastrulation (Montero and Heisenberg, 2004). 
 
 
Fig. 1.2 Schematic diagram of zebrafish embryo during epiboly. The single outermost 
epithelial layer called envelop layer (EVL) covers and lead the deep cell layer (DEL) during 
epibolic movement from the animal pole (AP) to the vegetal pole (VP). Yolk syncytial layer 
(YSL) lies beneath both layers and yolk syncytial nuclei (YSN) appear to be leading the 
epibolic movement. A band of F- actin covers the marginal regions of DEL and EVL and F- 
actin structures form dense network at the vegetal end of the yolk. A network of microtubules 
(MTs) packs at the YSL region, surrounding the YSN with an array of vegetal MT network 
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1.2.1.1 Yolk cytoskeleton in epiboly 
Components of the yolk cytoskeleton including F-actin and microtubules have also shown to 
be essential for epibolic movement (Fig. 1.2). There is prominent organization of an F-actin 
band at the advancing edge of the YSL and EVL which leads the migration process during 
epiboly (Cheng et al., 2004). Not surprisingly, treatment with cytochalasin B (which blocks 
the formation of actin microfilaments) causes failure to complete epiboly (Solnica-Krezel, 
2006). Given that myosin 2 co–localizes with actin in the YSL, the inhibition of myosin 2 
using blebbistatin (myosin 2 inhibitor) also affects epibolic movement (Koppen et al., 2006). 
It was found to decrease the recruitment of actin in YSL and the rate of EVL movement 
(Koppen et al., 2006). In addition, there are two prominent microtubule arrays found in the 
embryo; one with a dense network across the YSL and another array arranged in parallel 
along the animal-vegetal axis in the YCL (Solnica-Krezel and Driever, 1994). Microtubule 
disruption by either ultraviolet irradiation or nocodazole also impairs epiboly (Strahle and 
Jesuthasan, 1993). In a recent study, the loss of pregnenolone which is produced from 
cholesterol by steroidogenic enzyme Cyp11a1 (cholestrol side- chain cleavage enzyme, 
P450scc) in the yolk, reduced the level of polymerized microtubules and delayed epiboly 
(Hsu et al., 2006). Transcription factors are also found to be necessary for the cytoskeleton in 
epiboly. Zebrafish embryos deficient in Pouf1/ Oct4 transcription factor displayed epibolic 
defects with alterations in the cytoskeleton in all three embryonic lineages (Lachnit et al., 
2008). Knockdown of Mtx2 (Mix-type homeobox 2) transcription factor resulted in the loss 
of F-actin in the YSL that is necessary for epiboly progression (Wilkins et al., 2007). Defects 
in the translational control machinery in embryos, such as deficiency in Dicer enzyme, also 
gave delayed epiboly (Giraldez et al., 2005). 
 
A zone of active endocytosis was found to co- localize with the punctate actin band at the 
EVL margin (Solnica-Krezel and Driever, 1994). It was proposed that the endocytic region 
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contributes to the yolk membrane internalization that is required to move the EVL margin 
towards the vegetal pole during epiboly (Solnica-Krezel and Driever, 1994). However, the 
exact role of actin in the endocytic process remains unclear. Interestingly, endocytosis still 
occurs in nocodazole treated embryos during epiboly, indicating that microtubules are not 
needed during this process (Solnica-Krezel and Driever, 1994). 
 
1.2.2 Cell migration regulated by adhesion during epiboly 
In studies of other teleosts, the YSL in Fundulus was shown to have the ability to progress 
during epiboly even in the absence of the blastoderm (Betchaku and Trinkaus, 1978). 
However, it was shown that the movement of yolk syncytial nuclei (YSN) in zebrafish 
epiboly undergoes highly orchestrated patterned movements similar to the DEL during mid- 
gastrulation (Carvalho et al., 2009). It was also shown that in another study the movement of 
internal yolk syncytial nuclei (iYSN) was highly co-ordinated with the mesoendoderm 
convergence movement, thus suggesting that the YSL is linked to the DEL (Carvalho et al., 
2009). Furthermore, it is also possible that both EVL and YSL are inter-dependent since tight 
junctions are present between the layers at the blastoderm margin where they migrate together 
to the vegetal end (Carvalho et al., 2009). 
 
1.2.2.1 Regulated adhesion by E-cadherin during epibolic movement 
Four mutations (half baked, avalanche, lawine and weg) affecting epiboly were isolated in 
which the vegetal progression of only the deep cells were arrested (Kane et al., 1996). These 
mutant phenotypes demonstrated that the functions of these genes required by the movement 
of deep cells are not essential for the movements of the EVL and YSL (Kane et al., 1996). 
Studies have shown that mutations of E-cadh in zebrafish such as half baked (Kane et al., 
2005) and cdh1rk3 (Shimizu et al., 2005) exhibit defective epiboly. Classical cadherins, 
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including E-cadh, contain five extra- cellular domains that are able to mediate homophilic, 
trans or cis binding (Gumbiner, 2005). The cytoplasmic domain contains binding sites for β- 
catenin and p120 (Gumbiner, 2005). The outer deep cells in the half baked (hab) epiboly 
mutant failed to remain restricted to the EVL after being radially intercalated from the interior 
deep layer (Kane et al., 2005). As for the cdh1rk3 mutant, the defective adhesion between 
EVL and DEL cells as shown by β- catenin analysis in electron microscopy underlies the 
delayed epiboly (Shimizu et al., 2005). The dynamic remodeling of cell adhesiveness by E-
cadh does modulate cell movement. Both mutants are of interest, because the movement of 
the deep cell layer was arrested but not the migration of EVL and YSL. Thus E-cadh 
mediated cell-cell adhesion contributes to correct cell movement and rearrangement during 
epiboly. Gα12/13 signaling was found to negatively regulate the activity of E-cadh (Lin et al., 
2009). Disruption of Gα12/13 signaling exhibited delayed epibolic movement of the deep 
cells and binding of Gα13 to the cytoplasmic domain of E-cadh resulted in inhibition of cell 
adhesion (Lin et al., 2009). Furthermore, focal adhesion kinase and paxillin were found to be 
enriched at AJs of EVL where they could potentially interact with the actin cytoskeleton and 
cadherins (Crawford et al., 2003). One study made use of slb/wnt11 mutant to show that 
Wnt11 expression could lead to increase in early endosomal E-cadh that co- localized with 
Rab5c in the cytoplasm (Ulrich et al., 2005). In addition, knockdown of Rab5c in the wild- 
type phenocopied slb/wnt11 mutant and over- expression of activated Rab5c in slb/wnt11 
mutant rescued the mutant phenotype (Ulrich et al., 2005). However, this observation has to 
be viewed cautiously since Rab5c is one of the critical components in the endocytic 
trafficking machinery and interference of it may easily cause changes in the integrity of AJs. 
Therefore the underlying molecular mechanism on how E-cadh interacts with other molecules 
during epiboly remains to be elucidated, although interaction with catenins is notably 
important in most adhesion systems amid of controversy. 
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1.2.2.2 Regulation of epiboly by other adhesion molecules 
Another classic cadherin known as N –cadherin (N- cadh) is also found to play critical roles 
in regulating the cell dynamic movement during gastrulation (Warga and Kane, 2007).  Even 
though it is strongly expressed in the neural ectoderm, the earliest RNA expression was in the 
yolk cell at sphere stage (Warga and Kane, 2007). Interestingly, the transcript expression 
profile during blastula and gastrula stages is complementary to the E- cadh expression. N-
cadh mutations were first identified in the parachute (pac) locus (Lele et al., 2002) of 
zebrafish and later in the biber (bib) mutant which was found to encode a dominant allele of 
the N-cadh locus (Warga and Kane, 2007). Knockdown of N-cadh in the biber mutant 
phenocopies the pac mutant and is characterized by altered cell adhesion in the 
neuroectoderm (Warga and Kane, 2007). In protocadherin family, protocadherin-18a 
(Pcdh18a)- EGFP fusion protein was found to have punctate expression between cells (Aamar 
and Dawid, 2008). Knockdown of Pcdh18a by morpholino (MO) resulted in a delayed 
epiboly phenotype which led to reduced cell adhesion (Aamar and Dawid, 2008). The 
Drosophila atypical cadherin Flamingo (Fmi) has a vertebrate homologue called Celsr 
(Carreira-Barbosa et al., 2009). Fmi/Celsr genes (Celsr1a, Celsr1b and Celsr2) in zebrafish 
are expressed first maternally and later ubiquitously during gastrulation (Carreira-Barbosa et 
al., 2009).  Interference with Fmi/Celsr activity led to epiboly defects by which the movement 
of deep cells is kept away from the leading edge of the EVL through altered cell cohesion 
(Carreira-Barbosa et al., 2009). One of the immunoglobulin domain containing cell adhesion 
molecules, Down syndrome Cell Adhesion Molecule (DsCAM) in zebrafish is also present 
maternally and expression reduced until near the mid- blastula stage (Yimlamai et al., 2005). 
DsCAM morphants gave thickened blastoderm and did not form well-defined dorsal shield at 
50% epiboly (Yimlamai et al., 2005). They were also found to display aberrant cell movement 
in epiboly (Yimlamai et al., 2005). Most recently epithelial cell adhesion molecule (EpCAM) 
was suggested to act as a partner of E-cadh to regulate the dynamics of cell- cell adhesion 
particularly in EVL during zebrafish epibolic morphogenesis (Slanchev et al., 2009). 
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1.2.2.3 Regulation of epiboly by kinases 
Other molecules found to be involved in the regulation of epiboly include two Src kinases; 
Yes and Fyn, MAP kinases; ERK1 and ERK2. A maternal effect mutant betty boop, which is 
identified as the zebrafish homolog of MAPKAPK 2 (Mitogen Activated Protein Kinase 
Activated Protein Kinase 2), causes constriction at the blastoderm margin in 50% epiboly 
without affecting the actin and microtubule networks (Holloway et al., 2009). ERK1 and 
ERK2 have differential effects on epiboly (Krens et al., 2008). Depletion of ERK2 causes 
arrest at the onset of epiboly whereas ERK1 only mildly affects the epiboly progression 
(Krens et al., 2008). Interference with the activity of Yes prevented the yolk doming process 
at the start of epiboly and over- expression of dominant negative Fyn inhibited epibolic 
movements (Sharma et al., 2005). 
 
1.3 Implication of Rho GTPases in cadherin mediated cell adhesion 
Several studies have indicated that Rho GTPases are involved in cadherin- mediated cell-cell 
adhesion. Rac1 and Cdc42 were found to co- localize with E- cadh at the junctional sites of 
Madin- Darby Canine Kidney II (MDCKII) epithelial cells (Kuroda et al., 1997). In addition, 
Rac1 was also found to be localized in ‘E-cadh positive’ vesicles of human keratinocytes 
(Akhtar and Hotchin, 2001). Other cellular processes, such as the epithelial-mesenchymal 
transitions, also require the interplay of Rho GTPases with E-cadh (Van Aelst and Symons, 
2002). In Drosophila, the absence of either Cdc42, Par6 or aPKC in the Par complex resulted 
in the intra- cellular localization of E-cadh, thereby disrupting the adherens junctions (AJs) in 
epithelial cells (Georgiou et al., 2008). In another similar case, the affected epithelial cells 
could even undergo apical constrictions and eventually delaminated (Leibfried et al., 2008). 
Both studies have revealed Cip4, WASp, Arp2/3 and Dynamin were involved in the endocytic 
machinery mediated by E-cadh to maintain the stability and plasticity of AJs (Georgiou et al., 
2008; Leibfried et al., 2008). 
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1.4 Rho GTPases in Wnt signalling pathway 
Emerging evidences have suggested that Rho GTPase are key mediators in the Wnt signalling 
pathway, which is critical in the regulation of cell dynamics during gastrulation in both 
invertebrates and vertebrates. Wnt proteins are secreted glycoproteins, categorized into Wnt-1 
class (Wnt-1, Wnt-8, Wnt-8b and Wnt-3a) and Wnt-5a class (Wnt-4, Wnt-5a, and Wnt-11) 
(Choi and Han, 2002). The Wnt-1 class ligands are able to activate the canonical Wnt- catenin 
signalling pathway that could lead to stabilization of hypo- phosphorylated catenin and thus 
activate transcription in the nucleus (Choi and Han, 2002). However, the Wnt-5a class 
antagonizes the activities of Wnt-1 class signalling and was found to cause decrease in cell 
adhesion (Choi and Han, 2002). It triggers the Wnt/Ca2+ pathway to induce the release of 
calcium in a G- protein dependent manner and activate protein kinase C (PKC) and 
Ca2+/calmodulin dependent kinase II (Choi and Han, 2002). It was also found that Cdc42 
acts downstream of Wnt-5a necessary for the regulation of calcium dependent cell adhesion 
during convergent extension in Xenopus embryos (Choi and Han, 2002). Wnt11 was also 
shown to regulate convergent extension movement similar to the planar cell polarity pathway 
(PCP) in Drosophila. This pathway involved signalling through Dishevelled mediated by 
small GTPase (Rho and Rac) and Jun N-terminal kinase (JNK) (Kim and Han, 2005; Munoz-
Descalzo et al., 2007). As for zebrafish embryos, the above mentioned observations involving 
Wnt and GTPase proteins were highly comparable to those reported in Xenopus. RhoA was 
found downstream of Wnt5 and Wnt11 to regulate convergent extension (Zhu et al., 2006). In 
addition, both Rho and Rac are essential to rescue the effects caused by inhibition of 
Dishevelled (Habas et al., 2003). However, there is still no evidence that PCP genes are 
required in zebrafish epiboly. Nevertheless, they are of relevance in convergent extension 
during late gastrulation. 
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1.5 The conventional p21- activated kinase (PAK) family 
The downstream targets or effectors of atypical Rho GTPase; Chp, has not been totally 
explored. Our studies in mammalian cells (Manser unpublished data) suggest that a key Chp 
target is the serine/threonine kinase p21- activated kinase (PAK1). PAK1 (rat αPAK) belongs 
to the conventional (Group1) PAKs, that also comprises PAK2 (rat γPAK) and PAK3 (βPAK) 
(Arias-Romero and Chernoff, 2008). This family contains a p21-binding domain (PBD), also 
referred to as the Cdc42/Rac interacting and binding (CRIB) domain located at the amino 
terminus region (Arias-Romero and Chernoff, 2008). The inhibitory sequence (IS)/ kinase 
inhibitory domain (KID) which is positioned downstream adjacent to the PBD/ CRIB domain 
has the ability to keep PAK1 in an inactive dimeric form (Lei et al., 2000). The IS is able to 
negatively regulate kinase activity by trans- binding to the catalytic domain at the carboxyl 
region aided by a dimerization segment (Fig. 1.3) (Lei et al., 2000). The kinase becomes 
activated when the active Cdc42 or Rac (not Rho) binds to the PBD/CRIB during membrane 
translocation and causes the IS to dissociate, thereby adopting an ‘open’ active conformation 
(Arias-Romero and Chernoff, 2008; Lei et al., 2000). In addition, this active conformation is 
maintained by the phosphorylation of several sites situated at the amino terminus (Fig. 1.3) 
(Arias-Romero and Chernoff, 2008). However, several reports have shown that the 
association with sphingolipid (Bokoch et al., 1998; Loo et al., 2004), GIT1 (Loo et al., 2004) 
or by caspase cleavage (Rudel and Bokoch, 1997) could also activate PAK1 independently of 
p21. PAK1 was first identified as an effector of both Rac1 and Cdc42 which requires 
targeting via the multi-domain partner βPIX (PAK- interacting exchange factor) (Manser et 
al., 1994; Manser et al., 1998). Auto- phosphorylation of PAK1 at S199/203 can also inhibit 
PIX binding (Chong et al., 2001). In addition, PIX also acts as a GEF for the Rac and Cdc42 
(Baird et al., 2005; Manser et al., 1998). PAK1 can be re-localized by the binding of its 
proline region to the SH3 domain of PIX as well as the receptor binding proteins such as Grb2 
and Nck (Koh et al., 2001; Manser et al., 1998). 
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 Fig. 1.3 Model of PAK1 activation. The inhibitory sequence (IS)/ kinase inhibitory domain 
(KID) has the ability to keep PAK1 in an inactive trans- dimeric form by binding to the kinase 
domain and with the aid of dimeric PIX. The kinase becomes activated when active Cdc42 or 
Rac binds to the PBD/CRIB during membrane translocation and causes the IS to dissociate, 
thereby adopting an ‘open’ active conformation. The active conformation can also be 
maintained by the phosphorylation of several sites eg. S144 situated at the amino terminus. 
Auto- phosphorylation of PAK1 at S199/203 can inhibit PIX binding. Trans- phosphorylation 
at T422 may occur by other kinases such as PDK1. 
 
 
1.5.1 PAK1 in cytoskeletal events 
PAK1 is implicated in biological processes such as cell migration and organization of the 
actin cytoskeleton by promoting focal adhesion turnover (Sells et al., 1997) and actin 
dynamics via phosphorylation of targets, such as LIM kinase and myosin light chain 
(Hofmann et al., 2004). These eventually lead to changes in cofilin phosphorylation status and 
actin organization at the leading edge (Delorme et al., 2007). The adaptor proteins PIX 
(Manser et al., 1998) and GIT1 are responsible for PAK targeting to focal adhesions and 
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centrosomes. However, the role of the classical PAKs in the cell cycle via Aurora-A 
activation (Zhao et al., 2005) and modulation by Polo-like kinases (Maroto et al., 2008) is less 
well understood. In mammalian systems, αPIX has been shown to be implicated in the 
immune system (Missy et al., 2008), but is not required for early development. However, 
βPIX knockout on the other hand has not been reported though functions for βPIX in 
neuronal development have been demonstrated. 
 
1.5.2 Physiological functions of PAK1 
Knockout of PAK2 in mice is embryonic lethal, by contrast the loss of PAK1 or PAK3 in 
mice has minor developmental defects. The conventional PAK family in zebrafish (Zf) is 
represented by at least 3 isoforms, amongst which Zf Pak1 is most closely related to 
mammalian PAK1 (see chapter 3). Knockdown of Zf PAK2a and PAK2b, together with their 
respective expression pattern, indicate that these proteins play key roles in the vasculature 
system, including integrity of the blood-brain-barrier. The PIX proteins from both vertebrates 
and invertebrates contain an N-terminal SH3 domain that binds specifically to conventional 
PAKs. There are three zebrafish PIX genes (see chapter 3). One study showed that the 
alternate spliced form of zebrafish βPIX containing a longer CH domain maintains the 
integrity of the blood-brain barrier, similar to the function of PAK2a. Recently, a study 
suggested that E-cadh is responsible for the organization of fibronectin in Xenopus embyos 
(Dzamba et al., 2009). Phosphorylation of regulatory myosin light chain 2 (MLC2) is 
suggested to be downstream of Rac1 perhaps via PAK. Inhibition of Rac or PAK (using KID) 
blocked cortical actin assembly of fibronectin fibrils in the extracellular matrix (Dzamba et 
al., 2009). The phosphorylation of cortical MLC2 was reduced when PAK was inhibited and 
these findings are consistent with previous observations in endothelial cells (Stockton et al., 
2007; Stockton et al., 2004). 
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1.5.2.1 Novel role of PAK1 in Fragile X syndrome 
Fragile X syndrome (FXS) is the most common cause of inherited mental retardation, and is 
attributed to mutations in the FMR1 gene on the X chromosome.  In most cases FXS is caused 
by the expansion of a polymorphic CGG repeat in the 5′ untranslated region of the gene 
(Zalfa and Bagni, 2004).  The family of fragile-X related proteins comprising FMR1, FXR1 
and FXR2, have a highly conserved N-terminal domain thought to be a focus for protein-
protein interactions. The C-terminal region contains two blocks of RGG repeats known to be 
involved in binding to G-quartet sequences in a wide variety of mRNAs (Zalfa et al., 2006). 
The intervening region of RGG repeats is phosphorylated.  The symptoms of Fmr1 and Fxr2 
knockout (KO) mice are similar to the fragile X patients, exhibiting deficiency in learning and 
behaviour. In addition, the loss of FMRP in mice was found to have altered dendritic spine 
morphology and reduced maturation or pruning of spines. However, there is no known 
pathology or defect associated with Fxr1 and Fxr2 in fragile X patients. The primary function 
of FMR1 appears to be translational inhibition but FXR1 is highly expressed in vertebrates 
muscle cells, and is required for proper development of this tissue (Engels et al., 2004; 
Mientjes et al., 2004). The Fxr1 KO mouse is embryonic lethal, but showed disruption in 
cellular architecture and structure of skeletal and cardiac muscle in another mouse model with 
reduced FXR1P. In addition, FXR1P was found to be implicated during Xenopus 
embryogenesis in particular myogenesis which could be due to the absence of other 
(compensatory) fragile-X isoforms in muscle. 
 
There is evidence that αPIX is involved in non-syndromic mental retardation (Kutsche et al., 
2000) and the signalling complex consisting of GIT1, PIX, and PAK participates in the 
regulation of dendritic spine and synapse formation (Zhang et al., 2005). The downstream 
effects of Rac, PAK1 and PAK3 have been shown to regulate spine and synapse formation 
(Boda et al., 2008). However, they may have distinct roles in spine morphogenesis (Boda et 
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al., 2008). PAK3 gene with truncation or knockdown mutations have been found in patients 
with X-linked, non-syndromic mental retardation who are characterized by defects in the 
dendritic spines and synapses in neurons. Introduction of kinase-inactive PAK1 into 
hippocampal neurons causes a reduction in primary branching on apical dendrites and the 
number of basal dendrites  (Hayashi et al., 2007a).  In transgenic (TG) mice where neuronal 
PAK activity is inhibited by expressing a kinase inhibitory peptide (KID), cortical neurons 
have fewer dendritic spines and a lower proportion of longer and thinner spines (Hayashi et 
al., 2007b). These TG mice exhibit enhanced cortical LTP whereas the reverse is seen in 
Fragile X mental retardation (FMR1) knock out (KO) mice. In FMR1 KO mice, synaptic 
delivery of GluR1-, but not GluR2L- and GluR4-containing AMPA receptors is impaired, 
resulting in a selective loss of GluR1-dependent long-term synaptic potentiation (LTP).  In 
transgenic crosses the resultant FMR1-/- KID + mice appear to rescue the morphological and 
behavioural defects (Hayashi et al., 2007b). This has demonstrated the fragile X syndrome in 
mice could be rescued by the inhibition of PAK. Other than mice, the drosophila orthologue 
dFMR is genetically linked to the small GTPase dRac in the dendritic development (Lee et 
al., 2003) but to date there is no well defined study of the underlying protein interactions with 
fragile X proteins. Therefore given the high conservation between FMR1 and FXR1, we show 
that the interaction with PAK1 as well as phosphorylation by PAK1 are essential for the 
biological roles of FXR1 (see Chapter 4). 
 
1.6 The non-conventional p21- activated kinase (PAK) family 
Group 2 PAKs comprises of mammalian PAK4, PAK5 and PAK6. PAK4 (isoform 1) was 
first to be identified in the Group 2 PAKs and has two other possible isoforms 2 and 3 (Arias-
Romero and Chernoff, 2008). These non- conventional PAKs also contain the conserved 
PBD/CRIB domains and also share high similarity of their kinase domains with one another 
(Fig. 5.5). However, these domains contain only approximately 50% identity with the Group 
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1 PAKs (Fig. 5.5). PAK4 binds preferentially to the activated Cdc42 but poorly to the 
activated Rac (Arias-Romero and Chernoff, 2008). This PAK4 binding to Cdc42 appears to 
relocalize PAK4 to the Golgi structure but has no effect on the kinase activity (Abo et al., 
1998). Furthermore, in comparison to the conventional PAKs, the N- terminals are not 
conserved in the Group 2 PAKs and they do not associate to PIX or Nck even though they 
contain several proline- rich regions (Fig. 5.5). Expression of PAK4 is well distributed in 
most tissues whilst PAK5 and PAK6 have restricted distributions (Arias-Romero and 
Chernoff, 2008). PAK5 is expressed in the brain and pancreas (Arias-Romero and Chernoff, 
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Fig. 5.5 Alignment of the CRIB domains between conventional and non- conventional PAKs 
as marked by the black and blue bar respectively. Autoinhibitory regions are indicated by 
yellow arrows showing they are not well conserved between conventional and non- 
conventional PAKs. The dashed lines represent overlapping regions and the asterisk signifies 
the regulatory phosphorylated serine. The more prominent conserved regions between the two 
groups of PAKs are the kinase and CRIB domains. Only PAK4 and 5 have the conserved 14-
3-3 site at the amino terminus area. 
 
 
1.6.1 Biological roles of PAK4 
Activated PAK4 was demonstrated to show a decrease in adhesion to the extracellular matrix 
in fibroblasts, leading to anchorage-independent growth (Qu et al., 2001). This may explain 
why it is found to be over-expressed in tumours in addition to numerous cancer cell lines (Liu 
et al., 2008). In breast cancer cell lines, PAK4 was thought to direct cell migration by 
interacting with the cytoplasmic domain of integrin β5 (Zhang et al., 2002). Hepatocyte 
growth factor (HGF) is able to activate PAK4 in MDCK cells to promote rounding of cells 
and relocalization to the cell periphery (Wells et al., 2002). In addition, HGF stimulation in 
prostate cell lines could cause PAK4 binding and phosphorylation of LIMK1 to activate cell 
migration (Ahmed et al., 2008). So far, these observations might not be representative since 
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they were based on experiments performed using constitutively active mutant PAK4 (S445N) 
which is more active than the wild type PAK4. Nonetheless, over-expression of un-stimulated 
wild-type PAK4 in athymic mice was shown to be oncogenic (Liu et al., 2008). Only recently, 
one study showed that the loss of PAK4 function in mice was embryonic lethal by day 11.5 
which was due to multiple organ defects (Qu et al., 2003). More prominent abnormalities 
were evident in cardiac muscle and also in the neuronal development shown by improper 
folding at the caudal portion of the neural tube (Qu et al., 2003). But there was no change 
detected in proliferation or cell survival at that stage. 
 
However, in Xenopus, the PAK4 homolog, termed as X-PAK5, was shown to contain a 
microtubule binding domain which was absent in human PAK4 (Faure et al., 2005). Active 
Rac or Cdc42 was able to induce binding of X-PAK5 to actin rich structures (Faure et al., 
2005). Endogenous X-PAK5 co-localizes with adherens junction proteins and it was 
suggested to regulate cell- cell adhesion in convergent extension movements during Xenopus 
gastrulation (Faure et al., 2005). In Drosophila, the absence of the PAK4 orthologue, 
Mushroom Body Tiny (MBT) results in defects in photoreceptor morphogenesis and 
development of neurons specifically the Kenyon cells in the mushroom body (Schneeberger 
and Raabe, 2003). MBT also has the ability to relocalize to the adherens junction in a Cdc42 
dependent manner similarly to the X-PAK5 (Menzel et al., 2008). It was shown to 
phosphorylate the β-catenin homolog Armadillo, which could result in weakening of the 
adherens junctions (Menzel et al., 2008). 
 
1.6.1.1 Anti- apoptotic effect of PAK4 
PAK4 has also shown to have a protective effect on HeLa and NIH3T3 cells by either 
preventing or delaying apoptosis when treated by various deleterious stimuli including tumor 
necrosis factor (TNF)-α/cyclohexamide, UV radiation and serum withdrawal (Gnesutta et al., 
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2001). PAK4 can inhibit the pro-apoptotic protein, Bad by phosphorylation and also abrogate 
FasL/TNFα induced cell death by interfering with Caspase 8 activation (Gnesutta and 
Minden, 2003). The keratinocyte growth factor (KGF) is able to induce the association of 
PAK4 to the KGF receptor (FGFR2-IIIb) and thus prevent oxidant-induced cell death (Li et 
al., 2003). 
 
1.7 Objectives of research 
Among the Rho family proteins, RhoA, Rac1 and Cdc42 are most extensively studied. There 
is little available information on atypical Rho proteins such as Chp, which is reversibly C-
terminal palmitoylated and thus likely not bound to RhoGDI (Chenette et al., 2005). Chp 
protein promotes activation and turnover of PAK1 when over-expressed in mammalian cells 
(Weisz Hubsman et al., 2007), but nothing is known about its biological role or specific 
partners (if any). Given the advantages of zebrafish as an experimental model, I have tried to 
address the role of Chp with respect to its developmental role and possible connection to 
downstream effectors (PAK1). 
 
While conventional PAK kinases are extensively studied with respect to mechanism of 
activation and coupling to protein partners, their specific roles downstream of Rho in 
development is unclear. The connection of PAK1 to Fragile X syndrome has been raised from 
observations in mice (Hayashi et al., 2007b) and is clearly an important tissue in human 
health. This connection with fragile X proteins is here greatly expanded. In particular, it is 
possible to make use of the somite development as a read- out to assess the function of FXR1 
with PAK1 and potentially the domain requirements for FMR1. 
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Finally PAK4 is the ubiquitous form of the non-conventional PAKs about which almost 
nothing is known regarding its regulation or binding partners (Arias-Romero and Chernoff, 
2008), the work I have carried out on PAK4 in zebrafish development (and the use of rescue 
experiments to assess protein function), has thus greatly expanded the current understanding 
of the protein both with respect to its anti- apoptotic role and the importance of the regions 
conserved between human and fish isoforms (Fig 5.14). 
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CHAPTER 2 
MATERIALS AND METHODS 
2.1 Plasmid constructs and cloning 
General methods were based on Molecular Cloning: A Laboratory Manual, published 
protocols from Journals and online protocols provided by vendor companies. Modifications 
were applied for optimization purposes. 
 
Mammalian PXJ- 40 based vectors containing CMV and T7 promoters, ampicillin resistant 
gene and Kozak sequence were used for cloning. FLAG, HA, GST, GFP or mCherry tags 
were incorporated in these vectors for expression and detection purposes. 
 
Mammalian PCS2+ vectors containing CMV, T7 and SP6 promoters and ampicillin gene 
were also used for cloning and in –vitro synthesis of RNA probes. 
 
2.1.1 Polymerase chain reaction (PCR) 
Routine PCR was performed using Pfu DNA polymerase (Promega) and PCR on cDNA 
library was performed using Hot Star Taq DNA polymerase (NEB). Typical PCR reaction 
contained 10- 50 ng of DNA template, 0.1 μM of each primer pair, 200 μM of dNTPs mix 
and 0.5- 1U of DNA polymerase in the required buffer. Cycling conditions included an initial 
melt at 95oC for 15 mins and following of 35 cycles of melting at 94oC for 30 secs, annealing 
at 50 -55oC for 30 secs and extension at 72oC for 1- 2 mins/ kbase. A final extension for 7 
mins and followed by the last holding temperature at 4- 10oC. 
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2.1.2 Restriction enzyme digestion and DNA electrophoresis 
All restriction enzymes (RE) used for the digestions of PCR amplicons and plasmids were 
obtained from NEB and used in accordance to the vendor’s protocols. Typical RE reaction 
contains 1- 2 μg of DNA and 5- 20U of required RE in the recommended buffer and was 
usually incubated at 37oC for 1- 2 hours. Calf intestinal phosphatase was added together in the 
RE reaction to avoid self- ligation. For DNA analysis, DNA was mixed with DNA loading 
buffer containing glycerol and tracking dye prior to loading in agarose gels (0.8- 1.2%). 
Ethidium bromide (0.5 mg/ml) was added into the molten agarose gel and Tris- acetate EDTA 
(TAE) buffer before performing electrophoresis at 80- 100 volts for 15 – 30 mins. 
 
2.1.3 DNA Ligation 
DNA was extracted from agarose gel using QIAgen gel extraction kit. 200- 500 ng of gel 
extracted DNA was incubated with 100- 400U of T4 DNA ligase (NEB) in the ligase buffer at 
RT for 4 hours to overnight. 
 
2.1.4 Preparation of competent cells and transformation 
E.coli was incoculated in LB medium and incubated at 37oC overnight. Overnight culture was 
diluted in 1 in 10 -20 in fresh LB medium and incubated at 37oC shaking until A600 is at 0.8. 
Kept the culture in the ice for 10 mins and centrifuged at 4K rpm for 15 mins at 4oC. 
Discarded the supernatant and resuspended them gently in ice cold autoclaved water. 
Centrifuged at 4K rpm for 15 mins at 4oC and discarded the supernatant before resuspended 
them gently in ice cold 10% glycerol. Centrifuged the cells at 2.8K rpm for 15 mins at 4oC 
and decanted the supernatant without disturbing the pellet. Added 1 ml of 10% glycerol and 
gently resuspended the cells by pipetting. Aliquoted the cells into tubes and stored them at -
80oC. Mixed 5-50 ng of plasmid with the aliquoted electro –competent cells in the cuvettes 
and performed electroporation using BioRad Gene Pulser. Placed 1 ml of fresh LB into the 
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cuvette containing the transformed cells and pipetted the culture out into fresh tube. Incubated 
the transformed cells at 37oC shaking for 1 hour. Plated 200ul onto selective LB agar plates 
and incubated overnight at 37oC. 
 
2.1.5 Purification of plasmid DNA 
Bacteria colonies were inoculated in selective LB medium and incubated at 37oC overnight. 
Bacteria pellet was obtained after centrifuged at 4K rpm for 10 mins and supernatant 
discarded. Extraction and purification of plasmid DNA was done using QIAprep columns 
(QIAGEN) following manufacturer’s instructions. As for larger scale DNA purification, 
QIAGEN plasmid midi or NucleoBond maxi kit (Macherey–Nagel) were used and performed 
according to manufacturers’ protocols. Basically bacteria were subjected to alkaline lysis and 
DNA precipitation using buffer containing ethanol/ isopropanol. 
 
2.1.6 Site- directed mutagenesis 
Substitution of residues on the DNA plasmid was performed using QuikChange site- directed 
mutagenesis kit (Stratagene) to generate dominant negative and constitutive active constructs. 
Reaction usually contained 5-50 ng of plasmid DNA, 125 ng of each primer pair, dNTP mix 
and 2.5U of PfuTurbo DNA polymerase in the required reaction buffer. Cycling conditions 
started with an initial melting at 95oC for 30 secs and 15 cycles at 95oC for 30 secs, annealing 
at 55oC for 1 min and extension at 68oC for 1 min/ kbase of plasmid length. A final cooling 
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2.2 RNA methodology for zebrafish 
2.2.1 RNA extraction and purification 
Total RNA extraction and purification was performed in accordance to the manufacturer’s 
protocol. Zebrafish embryos were passed through needle and syringe followed by using 
QIAshredder kit. Total RNA of the lysed embryos was collected after centrifugation and 
purified using RNAQiagen RNeasy mini kit. Concentration of purified RNA was measured 
using NanoDrop. 
 
2.2.2 Reverse transcription of RNA- Synthesis of cDNA 
Reverse transcription (RT) reaction was performed using Moloney Murine Leukemia Virus 
(M-MuLV) reverse transcriptase (New England Biolabs; NEB). A typical reaction was 
comprised of 1 ug of purified total RNA, 100 pmol oligo- dT primer (dT23VN) and M-MuLV 
RT enzyme in 1X M-MuLV RT reaction buffer. Reaction was incubated at 42oC for one hour. 
cDNA library obtained was purified and quantified using phenol/ chloroform treatment and 
NanoDrop respectively. 
 
2.2.3 In- vitro synthesis of RNA 
0.5- 1 μg plasmids were linearized after the polyA tail and purified by standard 
phenol/chloroform extraction. Capped synthetic mRNAs were prepared by using 1 mM 
ribonucleoside triphosphate set with the addition of 0.5 mM m7G(5')ppp(5')G and 20U of T7 
RNA polymerase (Roche). The reactions were incubated at 37oC for 1 hour and subsequently 
treated with DNase thereafter at 37oC for 30 mins. RNA was purified by phenol (pH4.3)/ 
chloroform treatment and precipitated using 4 M lithium chloride. Concentration of RNA was 
measured at 260 nm using NanoDrop. 
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2.2.4 Whole mount RNA in-situ hybridization 
In-situ hybridization on the whole embryo was performed as described by Shamim et al. 
(1999) with modifications. The embryos were fixed in 4% formaldehyde at RT for 3 hours or 
at 4oC overnight. They were washed with PBS, dechorinated and permeabilized/ dehydrated 
with methanol in a series of dilutions (from 50% to 100% methanol) at RT for 30 mins each. 
Embryos were rehydrated using 50% methanol to PBS and pre- hybridized using 
hybridization buffer (50% formamide, 1.3X SSC, 5 mM EDTA, 0.5% CHAPS, 50 μg/ul yeast 
tRNA, 100 μglul heparin and 0.1% tween20) without the RNA probes at 65 – 70oC for 1- 2 
hours. Replaced with fresh hybridization buffer containing RNA probe and incubated at 65 – 
70oC overnight. Washed the embryos with washing solution (50% formamide, 1X SSC and 
0.1% tween20) at 70oC for 2X 30mins and replaced with MABT (100 mM Maleic buffer, 150 
mM NaCl; pH 7.5 and 0.1% Tween20) wash at RT for 2- 3 hours. Blocked the embryos with 
blocking solution (20% serum and 2% Boehringer blocking reagent; Roche in MABT) at RT 
for 1 hour and replaced with fresh blocking solution containing DIG RNA probe at 4oC 
overnight. Washed embryos in MABT 3X 30 mins and equilibrated them with NTMT (5 M 
NaCl, 2 M Tris pH9.5, 2 M MgCl and 10% tween20) at RT for 3X 5 mins. Added NBT/BCIP 
into fresh NTMT in embryos at RT in the dark for final detection. Stopped reactions by 
adding 0.1% Tween20 in PBS and finally performed fixing on the embryos. Stored embryos 
in 80% glycerol at 4oC. 
 
2.3 Zebrafish immunohistochemistry 
2.3.1 Immunostaining on zebrafish embryos 
Embryos were fixed in 4% formaldehyde overnight at 4oC and followed by dechorination in 
1X PBS. They were placed in 50% methanol PBS/ 0.1% triton-100 (PBS-Tx) then 100% 
methanol at RT for 30 mins each. Embryos were re-hydrated in solution containing 50% 
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methanol in PBSTx and finally in 1X PBS-Tx at RT 30 mins each. These serial dilutions of 
methanol steps were optional depending on the antibody. Non- specific binding was blocked 
in 1% goat serum in PBS-Tx at RT for 1 hour. Primary antibodies in blocking solution were 
incubated with embryos at 4oC overnight. Antibodies include anti- myosin heavy chain 
A4.1025 (Developmental Studies Hybridoma Bank; DSHB), anti- PAK4 (Cell Signaling), E- 
cadherin (BD Biosciences), β- catenin (BD Biosciences) and anti-β- tubulin (Chemicon). 
They were washed in 1X PBS-Tx at RT for 3x 30 mins and incubated with Alexa Fluor 488/ 
546 secondary antibodies (Molecular probes) together with counterstains; DAPI (Sigma) and 
Alexa Fluor 488/546 Phalloidin (Molecular Probes) in blocking solution at RT for 1-2 hours. 
Embryos were washed in 1X PBS-Tx at RT for 3x 30 mins. Stored embryos in 80% glycerol. 
 
2.3.2 Generation and purification of polyclonal antibody 
Serum was collected 16 weeks after injection of the rabbits with the peptide containing the 
amino terminus (MPPQMDYFYHESRVP) of zebrafish RhoV at 4 weeks intervals. The 
rabbit serum was affinity purified on cyanogen bromide-activated sepharose coupled to KLH- 
peptide and eluted with buffer containing 100 mM glycine-HCl (pH 2.5), 0.05% Triton X-
100. The eluents were subsequently neutralized with Tris/HCl (pH 8.5) and used for Western 
blot analysis and immunostaining on the whole embryos. 
 
2.3.3 Phase contrast and confocal laser scanning microscopy 
Embryos were placed in 2% methyl cellulose on 1.5% agarose gel and the phase contrast 
images of embryos were taken using DC digital camera on Leica MZ12.5 stereo microscope. 
Epiboly and 24 hpf embryos were mounted in 80% glycerol on depression slides and flat 
slides respectively with glass cover slips. Cofocal images were obtained using upright 
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Olympus Fluoview 1000 confocal microscope. 3D, XZ and YZ view images were constructed 
from serial Z-stack sections each with 0.5 μm step size. 
 
2.4 Morpholino injection and rescue experiment in zebrafish embryos 
Morpholinos (MOs) were purchased from Gene Tools and were dissolved in nuclease free 
water to 10 ng/nl. Amount of MO was calibrated in graticule slide and subsequently 
introduced into zebrafish embryos at the one cell stage using IM300 microinjector 
(Narishige). The embryos were incubated at 28oC and phenotypes were usually examined and 
scored at appropriate developmental stage. Staging of zebrafish embryonic development was 
based on the studies by Kimmel et al. Rescue experiment was performed by injecting 
synthetic RNA together with MO at one cell stage. The synthetic capped RNA was titrated to 
obtain optimal rescue at a level where the RNA alone gave minimal or no defect prior rescue 
experiments. 
 
2.5 Xenopus Caps assay 
Xenopus eggs were collected from the females after induced ovulation using Human 
chorionic gonadotropin. They were artificially fertilized and de- jellied before the first 
cleavage in 3% cysteine in 1X MMR (Marc’s modified Ringer medium) containing 5% 
Ficoll. Animal caps were excised at stage 8 (blastula) and incubated in 1X MMR in the 
presence or absence of purified Human activin A at a final concentration of 8 units/ml (kindly 
provided by Dr Mike Jones). The morphology of the animal caps was assessed after 
incubation at room temperature overnight. 
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2.6 Cell Culture techniques 
2.6.1 Mammalian cell expression 
COS- 7 cells were grown and cultured in DME with 4500 mg/l glucose supplemented with 
10% bovine calf serum (Hyclone). They were incubated at 37oC in incubator supplied with 
5% CO2. 
 
Cells were starved in DME in the absence of serum before performing transient expressions. 1 
μg of plasmid mixed with lipofectamin 2000 was incubated on the cell cultures at 37oC for 3- 
4 hours. Fresh DME containing serum replaced the transfection mixture and incubated at 
37oC overnight. 
 
2.7 Protein methodology 
2.7.1 Protein extraction from mammalian cell cuture 
Media on the transfected cells were discarded and washed with PBS.  Lysis buffer (25 mM 
Hepes pH 7.3, 100 mM NaCl, 5 mM MgCl2, 0.5% TritonX-100, 4% glycerol, 5 mM DTT, 0.5 
mM PMSF and Roche complete protease inhibitor) was added to the cells after discarding 
PBS. Cells were scrapped from culture dishes and soluble proteins were recovered by 
centriguation at 13K rpm for 10 mins at 4oC. 
 
2.7.2 Protein extraction from zebrafish embryos 
Protocol was based on the Zfin: Zebrafish Book: Molecular Methods. Embryos were placed 
in lysis buffer (63 mM Tris-HCl pH 6.8, 10% glycerol, 5% ß- mercaptoethanol and 3.5% 
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SDS) and subsequently passed through needle and syringe. Soluble proteins were extracted 
after centrifugation at 13K rpm for 15 mins at 4oC. 
 
2.7.3 SDS polyacrylamide gel electrophoresis (SDS- PAGE) 
SDS polyacrylamide gels (8 – 10%) were cast and electrophoresis was performed using the 
BioRad MiniProtean system. Protein extracts were mixed with protein sample buffer (50 mM 
Tris pH 6.8, 6%SDS, 100 mM DTT, 0.1% bromophenol blue and 50% glycerol) and heated at 
95°C for 5 mins before loading. Electrophoresis was performed in SDS buffer (25 mM Tris 
pH 8.0, 192 mM Glycine and 0.1% SDS) at a voltage of 120-170V for 1- 1.5 hour. Gels 
containing the protein bands were trans- blotted to polyvinylidene difluoride (PVDF)/ 
nitrocellulose membranes and the semi- dry transfer performed at 10V for 1 hour using 
BioRad semi-dry transblotting system. 
 
2.7.4 Western blotting 
Membranes were blocked in 5% skim milk/PBS for 1- 2 hours at RT and following 
incubation of primary antibody in 1% skim milk/ PBS at RT for 2- 3 hours or overnight at 
4°C. Membranes were washed in 0.1% Tween-20/ PBS for 3x 10 mins at RT and followed by 
incubation with secondary antibody conjugated with Horseradish peroxidase (HRP) (Dako) in 
1% skim milk/ PBS at RT for 1- 2 hours. Chemluminescent reaction was performed using the 
ECL system of luminol solutions (Amersham and Pierce) and detected by Hyperfilm 
(Amersham). 
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CHAPTER 3 
3.1 The spatio- temporal expression of RhoV/Chp in zebrafish development 
In a preliminary screen for Rho proteins essential for early vertebrate development I found 
that a Chp anti-sense morpholino-oligonucleotide (MO), but not MOs directed to each of the 
three Cdc42 isoforms and RhoU, led to defects in epiboly (see next section). The atypical 
Cdc42 homologue protein (Chp) interacts with PAK1 by yeast two-hybrid screening but other 
Cdc42 targets have not been tested (Aronheim et al., 1998). Chp is suggested to activate the 
JNK kinase pathway and be involved in lamellipodia formation as for Rac1 (Aronheim et al., 
1998). Later the protein has been generically termed RhoV in the zebrafish (Salas-Vidal et al., 
2005), chick (Notarnicola et al., 2008) and frog (Guemar et al., 2007), but I prefer to retain 
the original annotation. The biological functions of Chp include involvement in neural crest 
induction in Xenopus (Guemar et al., 2007).  Chp is reported as an early expressed neural 
crest marker in frogs, with MO treatment resulting in a loss of cranial neural crest derived 
structures. Comparison of the primary amino acid sequence (Fig. 3.1) of Chp from human and 
zebrafish indicates that the effector regions (switch 1 and II) are well conserved, but not the 
amino–termini. The zebrafish Chp is only 60% identical to the human version (Fig. 3.1) the 
lack of amino-terminal conservation suggests that this is not a critical feature of the GTPase.  
The zebrafish Chp has a carboxyl- terminus (xxxCFI) likely modified by palmitoylation as for 
human Chp (Chenette et al., 2005). 
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 Fig. 3.1 Amino acid alignment of zebrafish (Dr) and human (Hs) Cdc42 family members. 
Sequences of Cdc42a, Cdc42b, Cdc42c and Chp (Dr) were aligned with human Cdc42 and 
Chp using ClustalW. Accession numbers of corresponding to human Cdc42 and Chp are 
NP_001782.1 and NP_598378 respectively. Additional of ~30 amino acid sequences are 
found at the amino terminus ends of Chp-Hs  is shorter in the zebrafish form and poorly 
conserved, suggesting it might not be critical to protein function. The Chp proteins lack a 
canonical CAAX motif but rather terminate in a tripeptide (CFI or CFV). Identical residues in 
the sequence alignment are marked with a star, and conservative substitutions are indicated 
with a full stop or colon.  
 
 
Multiple alignment was performed using known zebrafish Rho amino-acid sequences (Salas-
Vidal et al., 2005) and their relatedness displayed (Fig. 3.2A); Chp is the most divergent 
member of Cdc42 and Rac subfamily. I next examined the spatio-temporal expression of Chp 
and other Cdc42 family members. RT-PCR was performed on embryos collected from 
zygote, blastula, gastrula, segmentation and pharyngula stages (Fig. 3.2B). Chp transcripts 
accumulated significantly at 50% epiboly (shield stage) and were maintained up to 48 hours 
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post-fertilization (hpf). Of the three Cdc42 isoforms found in fish, two (Cdc42a and Cdc42c) 
were expressed from earliest stages (Fig. 3.2B), and likely play redundant roles since no 
single MO directed to Cdc42 affected early development (data not shown). RhoUa expression 
starts only at 24 hpf while no significant expression was detected for RhoUb (Fig. 3.2B). 
RhoUa morphants did not display any epibolic defect. The spatial expression pattern of Chp, 
RhoUa and Cdc42c were studied by whole-mount in situ hybridization (WISH) using anti-
sense DIG- RNA probes.  There was no obvious region-specific accumulation of Chp mRNA 
at 50% or 80% epiboly, but there was enriched Chp, RhoUa and Cdc42c signals in the 
notochord region at 24 and 48 hpf embryos (Fig. 3.2C). 
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 Fig. 3.2 Protein sequence analysis and spatio-temporal expression of Chp. (A) Similarity of 
Cdc42 and Rac1 family members in zebrafish (Danio rerio). Protein sequences were aligned 
using ClustalW (DNAStar) and the dendrogram generated by Phylip. Accession numbers for 
cDNA sequences of Cdc42 and Rac family are: Rac1a, AY865568. Rac1b, XP_001332092.1. 
Rac2, AY865569. Rac3, AY865570.  Cdc42a, AY865566. Cdc42b, XM_678979. Cdc42c, 
AY865567. Rhoua, AY865564. Rhoub, NM_001017784. The more divergent Chp/ RhoV, 
NM_001012250. (B) RT-PCR products showing mRNA transcript profile of zebrafish Chp at 
different developmental stages as indicated. Both Cdc42a and Cdc42c were detected 
throughout the stages tested. Chp transcripts appear at gastrulation. Both Cdc42a and Cdc42c 
are expressed throughout the stages tested whereas RhoUa started only at 24 hpf. (C) Whole 
mount in situ hybridization (WISH) using dioxygenin (DIG) anti-sense Chp RNA probes 
indicates that all cell types express the transcript at 50% and 80% epiboly (lateral views): Chp 
mRNA is enriched in notochord at 24 hpf and 48 hpf . Similar expression observed for both 
RhoUa and Cdc42c. Lateral views of embryos at 50% and 80% epiboly are shown. 
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3.2 Reduced expression of Chp affects epibolic morphogenesis 
To study the role of Rho proteins of the Cdc42 family a number of MOs were designed and 
injected at 1 cell stage. One of the MO produced a clear defect in epiboly. This Chp MO1 
targets sequences surrounding the initiation codon, and subsequently a Chp MO2 was 
designed against the Chp 5’ un-translated region (UTR) to confirm the phenotype (Fig. 3.3A). 
In both cases 5ng MO gave a similar epibolic phenotype characterized by the presence of a 
bulging yolk plug at the vegetal region and delayed epiboly (Fig. 3.3B). This phenomenon 
was first observed at 60% epiboly, (cf. 8 hpf).  Severe phenotype was characterized by a 
failure to close the yolk plug, and embryos did not survive to 24 hpf. This suggested that Chp 
is needed for epibolic morphogenesis where extensive cell movements drive the expansion of 
cells over the egg surface, while deep cells undergo gastrulation. Embryos injected with 
200pg of dominant inhibitory Chp (T43N) at 1 cell stage phenocopied the delayed epiboly of 
the Chp morphants (Figure 2B). Subsequent morphological defects at 24 hpf included a 
shortened antero-posterior (A-P) axis, failure in yolk extension and rounded somites (Fig. 
3.3B).  In control experiments 5ng of mismatch MO (mmMO) did not affect the phenotype 
even at 24 hpf (Fig. 3.3B). 
 
The specificity of Chp MO was confirmed by co-injecting the Chp MO2 with synthetic 
mRNA encoding wild-type Chp (DR). Examination of the embryos injected with 25pg mRNA 
indicated a significant rescue of the delayed yolk plug closure (Fig. 3.3C). At this level of 
transcript alone there was no effect on embryonic development. At 24 hpf, the rescued 
embryos were superficially normal with respect to the A-P axis but some abnormalities could 
be seen in the head region (Fig. 3.3B). Thus Chp activity is essential for aspects of normal 
epibolic morphogenesis. 
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Fig. 3.3 Chp function is required for epibolic movements. (A) Schematic of the Chp 
morpholino-oligoncleotides used in the study. The Chp MO1 and MO2 are represented in 
purple and green respectively. The Chp MO2 is complementary to the 5' UTR; lowercase 
residues represent 5’ UTR region. (B) Chp morphants (n= 100) that survive at 24 hpf (15%) 
have shortened A-P axis with no yolk extensions, indicative of early embryonic defects. 
  39 
When closure of the yolk plug is inhibited embryonic death commonly occurs (81%). Rescue 
of the phenotype (n≈ 100) was performed by co-injecting Chp MO2 with Chp (Zf) mRNA. 
Co-injection of 25pg Chp mRNA with 5 ng Chp MO2 efficiently reduced (68 %) the number 
of yolk plug defects at 8 hpf. Rescued phenotypes at 24 hpf resembled un-injected controls 
with respect to the A-P axis and development of somites, however we do note some defect in 
head development. Phenotypic examination of Chp morphants at 8 hpf revealed delayed 
closure of the yolk plug when compared with the un-injected controls. Consistently (71 %), 
embryos injected with 200pg of dominant inhibitory Chp (T43N) yielded phenotypes 
resembling the Chp MO at 8 hpf, consistent with the inhibition of upstream activators by Chp 
(T43N). (C) Phenotypic analysis shows significant rescue in the delay of yolk plug closure at 
8 hpf. (D) Immuno-histochemical staining of un-injected control and Chp morphants at 60% 
epiboly using Chp antibody raised and purified from two animals (Pab1 and Pab2). Confocal 
images show endogenous Chp is strongly depleted in Chp morphants. Decreased protein 
levels were observed in EVL, DEL and YSL layers with Chp MO, showing knock-down of 
endogenous Chp is achieved. Embryos were counter-stained with DAPI. Scale bars = 20 µm. 
 
 
3.3 MO treatment reduces Chp levels in all three major cell groups in epiboly 
I considered that the role of Chp might involve events at the leading edge of the envelope 
layer (EVL) or yolk syncytial layer (YSL) cell margin during migration phase of epiboly. 
Antibodies raised against the synthetic peptide encoding the N-terminus of Chp 
(MPPQMDYFYHESRVP; affinity purified preparations Pab1 and Pab2 were tested for 
protein immuno-localization during epiboly. As for the RNA in-situ analysis, uniform Chp 
immuno-staining was observed in the EVL, the deep layer (DL) cells and in the YSL (Fig. 
3.3D). This staining was lost in the Chp morphants as anticipated. Epibolic morphogenesis in 
zebrafish requires the co-ordinated expansion of the EVL, DL and YSL towards the vegetal 
pole (Solnica-Krezel, 2006), and it appeared likely that Chp plays a role in all three layers: 
this was borne out in our later studies. To our knowledge this represents the first immuno-
localization of Chp (previous studies involving only tagged GTPase). 
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3.4 Chp MO treatment does not affect mesodermal cell fate specification and early 
patterning 
Chp knockdown was assessed for effects of early cell fate. WISH was performed to investigate 
the expression pattern of the mesodermal markers and organizer-specific genes; chordin (Chd), 
Goosecoid (Gsc), and no tail (Ntl) were tested at 50% epiboly or 70% epiboly (Fig. 3.4). These 
markers are expressed in mesoderm precursor cells during early embryonic development. I 
conclude that Chp is not directly involved in mesodermal cell fate specification and early 
patterning, but disruption of Chp instead likely affects the final organization of these cells. 
 
 
Fig. 3.4 Early patterning and organizer specification of un-injected control and Chp 
morphants. WISH for mesodermal markers; (A-E) chordin (Chd), (F-J) goosecoid (Gsc) and 
(K-O) no tail (Ntl) in un-injected controls, Chp morphants or embryos injected with 
Chp(T43N). Reduced activity of Chp did not affect the expressions of Ntl, Gsc and Chd at 
50% and 70% epiboly although the overall morphology of the mutants is affected. Panels A-I 
are embryos at the shield stage. Panels J-O are embryos at 70% epiboly. Panels A-J provides 
dorsal midline views, and panels K-O lateral views. 
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3.5 Chp inhibits cell movements during mesoderm induction in Xenopus caps assay 
Xenopus caps assay was performed to assess Chp function in regulating mesodermal cell 
movement which acts similarly as convergent and extension (CE) movements in vertebrates. 
This assay is commonly used since the CE movements in-vitro behaves the same way as in 
vivo. In this case 200 pg of dominant negative (T43N) DN-RhoV mRNA (from Zf) was 
microinjected into each cell at the animal pole of two-cell stage Xenopus embryos and animal 
caps dissected at blastula stage (stage 8). The explants were subsequently cultured in the 
presence or absence of activin until stage 18 at room temperature. Activin treatment is able to 
stimulate mesoderm induction on the explants from wild type embryos. Expectedly, both 
mcherry HA control and DN-RhoV caps form tight balls of cells in the absence of activin 
treatment (Fig. 3.5). However, DN-RhoV strongly inhibits the elongation of animal explants 
even in the presence of activin (Fig. 3.5). Taken together, these results suggest Chp 
participates in CE movements (but not cell specification) which takes place in activin-treated 
animal caps, and probably gastrulation in the whole embryo. 
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 Fig. 3.5 Function of Chp assessed in Xenopus caps assay. Dominant negative (T43N) DN-
Chp/ RhoV strongly inhibits the elongation of animal explants even in the presence of activin. 
Both mcherry HA control and DN-RhoV caps form tight balls of cells in the absence of 
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3.6 Chp depletion does not disrupt the leading edge actin cytoskeleton 
Previous reports have documented the prominent organization of F-actin at the advancing 
edge of the YSL and EVL during epiboly (Cheng et al., 2004; Zalik et al., 1999). This band of 
F-actin is likely contributed primarily by the YSL, which leads the migration process, just 
beneath the EVL marginal region (Cheng et al., 2004). By confocal imaging one can also find 
an F-actin margin at the DEL/EVL junction (Fig. 3.6A). Although the leading edge actin band 
in Chp morphants was sometimes thinner (Fig. 3.6B), there was no drastic loss of F-actin in 
this region. Based on the nuclei position in confocal analysis, the DEL cells were depleted 
from the leading edge region at 8 hpf (Fig. 3.6D and H) relative to YSL and EVL nuclei. Thus 
movement of these deep cells is probably inhibited during vegetal pole migration. In addition 
there appeared to be a general delay of coordinated YSL/EVL migration relative to controls. 
As a result the leading EVL cells were laterally expanded, perhaps reflecting a lack of 
coordinated movement of more posterior cells. However, this was restricted by the DEL and 
thus led to a thinner actin band which could be a result of none contributed from the DEL. 
These data clearly provide evidence on how epiboly could be delayed as a result of reduced 
Chp activity that was able to dramatically reduce the cell movement of DEL necessary for 
normal epiboly. This is the first time that a Rho GTPase has demonstrated such effect during 
epibolic morphogenesis. 
 
Two prominent microtubule arrays were found in epiboly; one with a dense network across 
the YSL and another array arranged in parallel along the animal-vegetal axis in yolk 
cytoplasmic layer (Solnica-Krezel and Driever, 1994). It has also been shown that the process 
of epiboly is affected when microtubules are disrupted. Pregnenolone which is produced from 
cholesterol by the Cyp11a1 is suggested to promote cell movement during epiboly by 
maintaining a level of polymerized microtubules (Hsu et al., 2006). I found that the 
microtubule organization in Chp morphant was largely normal (Fig. 3.6F). 
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 Fig. 3.6 The actin cytoskeleton and microtubule networks in Chp morphants. Low resolution 
confocal images (10x objective) comparing un-injected control (A) and Chp morphant (B) 
with respect to F-actin organization at the vegetal margins of EVL and DEL, and at the 
external yolk syncytial layer (YSL). The deep cells marked by DAPI stained nuclei, fail to 
properly migrate in Chp morphants (D and H). As a result the cell margin is thinner and the F-
actin ring of the EVL and YSL appears more compact. Confocal images at higher 
magnification (40x) comparing un-injected control and Chp morphant stained with β-tubulin 
(E and F). Microtubule organization in Chp morphant was largely normal. Scale bars 
represent 40 µm in panels A-D and 20 µm in panels E-H. 
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3.7 Chp is required for the normal organization of E-cadherin 
In order to better assess the interplay between the cells in the three layers, I stained Chp 
morphants for E-cadherin (E-cadh) an important cell-cell junctional marker in early 
development (Babb and Marrs, 2004). The distribution of E-cadh is similar to F-actin at the 
adherens junctions (AJs) in epithelial EVL and the DEL, which exhibits prominent staining 
marking the margin of DEL (Fig. 3.7C). Remarkably Chp morphants had decreased junctional 
E-cadh in all cell layers, and in some cases E-cadh could be detected at the EVL (Fig. 3.7C), 
although actin levels were relatively normal. 
 
Two groups have demonstrated that E-cadh plays a critical role in regulating cell-cell 
interactions during epiboly (Kane et al., 2005; Shimizu et al., 2005). Mutations of E-cadh 
termed half baked (hab) or cdh1rk3 result in cells that failed to remain restricted to the EVL 
after being radially intercalated from the interior layer (Kane et al., 2005; Shimizu et al., 
2005). In the cdh1rk3 mutant, defective adhesion between EVL and DEL cells underlies 
delayed epiboly (Shimizu et al., 2005). The dynamic remodeling of cell adhesiveness by E-
cadh does modulate cell movement. At this stage N-cadherin (N-cadh) is required for 
mesodermal germ layer development as evidenced by the biber (bib) mutant (Warga and 
Kane, 2007). N-cadh is first expressed in the yolk cell at the time when the blastoderm 
uniformly expresses E-cadh (Warga and Kane, 2007). A gradient N-cadh expression is 
opposite to the E-cadh gradient with none detected in the EVL. In support of these findings, 
the mRNA levels of cadherins assessed by RT-PCR indicate both E-cadh and N-cadh are 
present early in development and thus epiboly (Fig. 3.7A). I ruled out the involvement of a 
second zebrafish E-cadh transcript not previously described (cf. E-cadh 2 present in genomic 
and EST databases) since no transcript was detected at these stages.  
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Western blot analysis showed a single 120 kDa E-cadh species present at 30% and 50% 
epiboly and at 24 hpf (Fig. 3.7B).  The decreased E-cadh staining at EVL cell junctions in 
Chp morphants was confirmed with antibodies that recognized both extracellular and 
intracellular domains of E-cadh (see materials). It was surprising that junctional F-actin was 
essentially unaffected (Fig. 3.8A and B). Loss of E-cadh at AJs was accompanied by 
increased cytoplasmic staining in EVL and DEL cells (Fig. 3.7C), where the E-cadh was 
present in clusters. I conclude that junctional E-cadh requires Chp signaling to be maintained 
at the AJs. Perturbation of cell-cell junctions was accompanied by more irregular cell-cell 
junction in the EVL (Fig. 3.7C). This indicates that Chp could be essential to localize E-
cadherin at the AJs for dynamic cell adhesion during epibolic movement.  It is notable 
therefore that the Chp MO phenocopies E-cadh mutants, and suggests that the interplay 
between Chp effectors and E-cadh is key to understanding the regulation of cell migration at 
this early stage of development. 
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 Fig. 3.7 E-cadh is not maintained at the AJs in the absence of Chp. (A) RT-PCR products of 
zebrafish E-cadh1, E-cadh2 and N-cadherin (N-cadh) at the stages shown. E-cadh1 transcript 
was present throughout all stages however we did not detect expression of E-cadh2 (although 
it is represented 3 times in the EST database). N-cadh transcripts accumulate more 
significantly at 50% epiboly. Primers encoding the cytoplasmic domain of E-cadh1 
NM_131820, E-cadh2 XM_690906 and N-cadh AF 418565 were used. (B) Immunoblot 
analysis of endogenous E-cadh at the stages indicated. The E-cadh antibody (BD Biosciences) 
detects a single E-cadh band (approx. 120kDa). (C) Schematic diagram (3D view) of 60% 
epiboly. Red box indicates the lateral area of EVL and red arrow indicates the 'y vector' of the 
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xy confocal slice. Confocal images (40x mag.) showing E-cadh co-localized with F-actin at 
the adherent junctions (AJs) between adjacent cells in the EVL and DEL, and at the junction 
between EVL and DEL (in XZ views, Supplementary Figure 4). The images represent a stack 
of 10 images (each 0.5 μm); E-cadh staining was rarely detected at AJs in Chp morphant but 
intracellular signal was not diminished, suggesting E-cadh is mislocalized without Chp 
signaling. Identical loss of E-cadh was observed (data not shown) with a Mab that recognized 





Fig. 3.8 Additional assessment of E-cadh distribution in Chp morphants. E-cadh was largely 
not maintained at the AJs of EVL and junctions between EVL and DEL (in XZ views) in less 
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3.8 Chp signaling maintains both E-cadh and β-Catenin at cell-cell junctions 
The cytoplasmic tails of cadherins are suggested to be anchored to the underlying actin 
cytoskeleton via catenins (Gumbiner, 2005) although some question has been raised to this 
model (Drees et al., 2005; Weis and Nelson, 2006).  In order to assess the contribution of E-
cadh to catenin localization, I immuno-stained the control and Chp morphant embryos for β-
catenin (β-cat), which binds to a conserved region of conventional cadherins (Gumbiner, 
2005), in control and Chp morphant embryos. The level of β-cat staining at cell junctions was 
severely depleted with loss of Chp (Fig. 3.9A, B and C); the β-cat was instead found within 
intracellular structures, but no nuclear enrichment of β-cat was observed in either case. Taken 
together I conclude that Chp signaling is required to maintain E-cadh and the β-cat complex 
indicating that N-cadh does not compensate at this stage in spite of mRNA being detected by 
RT-PCR.  These findings represent the first indication that specific signaling by Rho protein 
is required, whereas to date only constitutive membrane recycling machinery such as Rab5 
have been invoked (Ulrich and Heisenberg, 2008), to maintain proper cell-cell contact. I note 
that the interplay of Rho proteins and E-cadh has been found for related cellular processes, for 
example epithelial-mesenchymal transitions (Shook and Keller, 2003). 
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 Fig. 3.9 Localization of β-cat at the AJs requires Chp signalling. (A) Immunostaining of β-cat 
comparing the EVL and DEL of un–injected control and Chp morphant. Levels of anti-β-cat 
staining at AJs were severely reduced in Chp morphants. The delocalized β-cat protein was 
detected within intracellular structures, but no nuclear enrichment was observed relative to 
controls. (B) Low resolution image of phalloidin stained embryo of 60% epiboly, marked 
with red arrow representing the 'y' component in xy cross-section of the embryo (EVL→ 
DEL→ YSL) where the confocal image is taken. A middle sagittal plane of the embryo at 
80% epiboly derived from the Z stack. β-cat was no longer maintained at the AJs in the EVL 
and was found predominately in cytoplasm. Scale bars represent 20 µm. (C) This was 
consistent with β-cat localization at those junctions in Chp morphants. White line indicates 
where the XZ sections are collected. 
 
 
3.9 Interfering with βPIX phenocopies Chp 
The downstream targets or effectors of Chp are not characterized, however our studies in 
mammalian cells (Manser unpublished data) suggested that a key Chp target is the 
serine/threonine kinase PAK1 that binds both to Rac1 and Cdc42 (Manser 1994), and requires 
targeting via the multi-domain partner PIX (Koh et al., 2001; Manser et al., 1998). The 
conventional PAK family in zebrafish is represented by at least 3 isoforms where Zf Pak1 is 
most closely related to mammalian PAK1 (Fig. 3.11A); knock down of PAK2a and PAK2b 
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and their respective expression pattern indicates that these proteins are key in the vasculature 
including integrity of the blood-brain-barrier (Buchner et al., 2007; Liu et al., 2007). 
Although there are three zebra fish PIX genes (Fig. 3.10A), I only detect mRNA expression of 
the orthologue of βPIX (Liu et al., 2007) at the stages considered here (Fig. 3.10B). The PIX 
proteins from vertebrates and invertebrates contain an N-terminal SH3 domain that binds 
specifically to conventional PAKs and not the related PAK4 family (Manser et al., 1998). The 
longer CH domain-containing alternate spliced form of zebrafish βPIX is shown to be 
essential for the integrity of the blood-brain barrier (Liu et al., 2007), as is the function of 
PAK2a (Buchner et al., 2007). The role of the ubiquitous βPIX-A (shorter isoform) has not 
been assessed; a third zebrafish gene product I designated as γPIX has not been described 
previously (Fig. 3.10A). All PIX genes potentially encode a longer CH domain containing 
mRNA and shorter version which initiate just upstream of the SH3 domain (Fig. 3.10A). 
 
Rho GTPases such as Rac1 and Cdc42 positively contribute to PAK1 activation (Loo et al., 
2004; Manser et al., 1994), while PIX likely plays a scaffolding role.  This is peculiar because 
the PIX GEF domain can act on Rac1 in vivo (Koh et al., 2001; Manser et al., 1998) although 
the GEF domain is essentially inactive when tested in vitro (Manser, unpublished). One 
possibility is that these effects are modulated by smgGDS which binds well to the coiled-coil 
region of PIX (Shin et al., 2006). The PAK1 family kinases contain an auto-inhibitory region 
which packs against the kinase domain to maintain an inactive state. Previous work has 
established that βPIX forms a tight complex with the ArfGAP GIT1 to allow recruitment of 
the kinase to adhesion complexes and the centrosome (Zhao et al., 2005). It seemed likely that 
zebrafish Chp could be involved in activating PAK kinase(s) at this early stage of 
development and that this would require its recruitment via PIX. Knockdown of the smaller 
βPIX isoform using the 5’ UTR βPIX A MO yielded embryos at 24 hpf with shortened A-P 
axis (Fig. 3.10D). This phenotype could be rescued by co-injection of mRNA encoding rat 
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βPIX (Fig. 3.10D). The epibolic delay associated with treatment with PIX MO might have a 
range of underlying causes.  The de-localization of E-cadh from the AJs in the EVL and DEL 
mediated by Chp is quite a specific effect, and suggest a root cause for the phenotype. 
Immuno-staining of PIX morphants (Fig. 3.10E) or IPA-3 treated (Fig. 3.10F) embryos at 
60% epiboly clearly indicated E-cadh is predominantly cytoplasmic in both the outer EVL 
cells and the DEL, with the actin cytoskeleton remaining relatively unaffected (Fig. 3.10E, F). 
Again the marginal region of the DEL was more irregular than for the un-injected control. 
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Fig. 3.10 PIX is required to localize E- cadh at the AJs. (A) Schematic of zebrafish PIX 
isoforms designated αPIX, βPIX-A, βPIX-B (Liu et al., 2007) and the newly described γPIX. 
Arrows indicate the positions of the oligonucleotide primers used for RT-PCR. The position 
of the PIX-MO at the 5’ UTR of βPIX-A is indicated: this transcript encodes the smaller PIX 
isoform which is equivalent to the ubiquitous mammalian βPIX. SH3 domain in yellow and 
GBD binds to PAK and GIT respectively. (B) Transcript profile showing RT-PCR products 
for PIX at the developmental stages indicated. Primers cover essentially the same region of 
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the PIX ORFs and therefore do not discriminate between the alternate spliced forms at the 5'. 
(C) PIX morphant embryos exhibit epibolic delay compared to un-injected controls at 8 hpf. 
(D) The typical phenotype of embryos depleted of βPIX-A at 24 hpf; these exhibit a 
shortened AP axis suggesting gastrulation defects. Phenotypic analysis the effect of co-
injection of 25pg of rat βPIX with significant rescue of the phenotype at 24 hpf. (E) Reduced 
cell junctional E-cadh signals in the EVL and DEL after PIX knock-down. The level of 
cortical F-actin (phalloidin) is similar to controls but the junctional network is more irregular. 
Intracellular E-cadh puncta suggest PIX functions downstream of Chp to maintain E-cadh at 
cell adhesions. Scale bars = 20 µm. 
 
 
3.10 Active PAK1 is detected at cell adhesions and requires Chp 
The ability of Chp to activate PAK1 was tested using constitutively active zebrafish Chp 
(G38V) with PAK1 in COS7 cells; kinase activation is accompanied by the increased levels 
of phospho-Ser144 PAK1 (Fig. 3.11B), with Cdc42 (G12V) as a control. The Cdc42/Rac 
interaction binding (CRIB) region of human and zebrafish PAKs are highly related (Fig. 
3.11A). Recently a chemical inhibitor termed IPA-3 has been described (Deacon et al., 2008); 
this compound has been shown to inhibit PAK1 activation by Cdc42.  I treated embryos with 
10 µM IPA-3 inhibitor at 4 hpf (cf. onset of epiboly) in order to assess its effects on epiboly 
and found a similar epibolic delay as for Chp MO at 8 hpf. Given the likely involvement of 
Chp in PAK activation we tested whether PAK might be activated in these early embryos 
using an antibody raised against PAK1 phospho-Ser144.  This region of the kinase is 
conserved and the antibody recognizes both zebrafish PAK1 and PAK2 (Fig. 3.11B); when 
phosphorylated the site correlates with PAK activation (Chong et al., 2001).  This antibody is 
able to detect activated PAK at the cell-cell junctions in the EVL (Fig. 3.11C). However, this 
activation does not occur at this site in Chp (Fig. 3.11D) and PIX morphants (Fig. 3.11F) even 
though the cortical actin cytoskeleton remains relatively normal. The phosphorylated PAK is 
also enriched on centrosomes (Fig. 3.11C) as previously described (Zhao et al., 2005). I note 
that active PAK did not co-localize with the intracellular E-cadh (cf. merged and zoom panels 
in Fig. 3.11D). Mosaic expression of kinase dead (K298A) PAK1 lead to frequent multi-
nucleated cell in agreement that PAK plays a role in cell cycle (Zhao et al., 2005).  
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Significantly PAK1 was enriched at AJs of EVL and DEL, (Fig. 3.11E). These observations 
strongly suggest that active PAK1 acts locally at AJ to promote the localization of E- cadh. 
This represents the earliest function for the PAK-PIX-GIT1 complex, which is not obviously 
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Fig. 3.11 PAK lies downstream of Chp signaling and active kinase co-localizes with E-cadh. 
(A) Characterization of the phospho-PAK (pPAK) antibody. Alignment of auto-inhibitory 
domain (AID) of human (Hs) and zebrafish (Zf) PAKs:  HsPak1, NP_001122092.1; HsPak2, 
NP_002568.2; HsPak3, NP_002569.1; ZfPak1, NP_958485.1; ZfPak2a, NP_001002717; and 
ZfPak2b, NP_001020627.1. Dark and light grey shaded sequences represent identical and 
conserved amino acids; the serine residue highlighted in red is the phosphorylated site 
recognized by the rabbit anti-pPAK144 antibody.  Further characterization of this new 
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antibody will be presented elsewhere; it is ~10 times more sensitive than the anti-PAK1 
pSer199 described previously in zebrafish (Dzamba et al., 2009), which in our hands only 
recognizes the mitotic pPAK in zebrafish (data not shown). This ability of the antibody to 
recognize all  zebrafish PAK isoforms  was confirmed using synthetic phsopho-peptides 
encoding sites equivalent to human PAK1(pS144). The peptides were synthesized in situ on 
cellulose (Jerinini) with a 3 amino-acid linker at the C-terminal end, and N-terminally 
amidated. The filter was blocked with BSA, and probed with anti-pPAK and HRP-anti-rabbit 
IgG antibodies both at 1:2000 (30 min each, with 3x10 min washes). Human PAK3 (pS139) 
is shown as a positive control.  The signal strength is correlative to antibody binding strength 
only, since the in-situ synthetic yield of peptide cannot be determined. (B) Constitutively 
active Chp (G38V) can activate PAK1. Active Cdc42(G12V), Chp(G38V) and RhoUa 
(Q104L) were cloned in the mammalian expression vector pXJ-Flag (with CMV promoter) 
and co-expressed with HA-tagged PAK1 in COS-7 cells. The activation of PAK1 is indicated 
by an upshift in the PAK1 band and by PAK1 phosphorylation on Ser144. (C) Activated 
pPAK1 was detected at the centrosome of mitotic cell (as previously reported in mammalian 
cell culture) and can be found at the cell junctions of envelope cells (EVL), but not on the 
junctions of deeper cells. (D) E-cadh colocalizes with pPAK1 at the AJs of the EVL but not in 
the cytoplasmic puncta (see merged and zoom panels). Both were reduced at the AJs of the 
EVL in Chp morphants. (E) Junctional pPAK signal is reduced in the envelope cells in PIX 
morphants. Typical staining of control and PIX morphant embryos.  Both images represent a 
stack of 3 confocal images, collected under the same laser and gain settings, and at equivalent 
positions in the embryo. White arrows represent junctional pPAK1.  Scale bars represent 20 
µm. Evidence that PAK is localized to cell junctions and required for normal epibolic 
movements. (F) Mosaic expression of inactive PAK1 (K298A) was driven by injection of 
mRNA encoding the rat HA-PAK1; the protein was visualized with anti-HA and strongly 
localized at cell adhesions in both EVL and DEL. White asterisks indicate PAK1 (K298A) 
GFP expressing cells. (G) Embryos were treated with an unusual PAK inhibitor; IPA-3 
(Deacon et al., 2008) at the onset of epiboly (4 hpf) and analysed four hours later (at 28oC). 
IPA-3 is associated with delayed epiboly as seen with the Chp morphants at an equivalent 
stage. (H) IPA-3 treatment is associated with loss of E-cadh from cell-cell junctions at EVL 
and DEL layers. 
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CHAPTER 4 
# Biochemical experiments were conducted by Ms Evonne Say (IMCB); I carried our 
zebrafish analysis in the first instance to determine the function of FXR1 by morpholino-
oligonucleotide knock-down, and conducted rescue experiments to assess the biological 
requirements for FXR1 in muscle development. The biochemical data from ES is thus 
provided as contextual background since this work is not yet published. 
 
4.1 PAK1 KID binds to FXR-1 
PAK1 comprises a kinase inhibitory domain (KID) which is able to auto-inhibit 
intramolecularly when bound to its kinase region. Upon activation, the PAK1 KID dissociates 
from the kinase region and is free to bind other proteins (Lei et al., 2000). This was shown by 
the expression of a biotinylated GST-KID fusion protein in COS-7 cells when identifying 
potential interacting proteins. Peptide analysis thus revealed the presence of the Hsc70 protein 
as well as 13 peptides derived from FXR1 in the 70 kDa protein band (Fig. 4.1A). Flag tagged 
FXR1 residues 1-380 (FXR1-N) comprising of the Agenet (Ag) and two KH domains was 
found to bind efficiently with the GST-PAK183-149 (= KID) as shown by western blotting (Fig. 
4.1B). However, the related FXR2 did not bind to the KID. Further analysis showed that only 
an 11-residue sequence (PAK1 125-135) is required to interact robustly with FXR1-N (Fig. 
4.2A). However, the full-length (FL) auto-inhibited PAK1 in which the KID is buried was 
unable to bind with FXR1 (Fig. 4.2B). In addition, a catalytically active centrosomal-targeted 
form of PAK1 (CenPAK) (Zhao et al., 2005) showed that FXR1-N and FL FXR1 but 
interestingly not FXR2, interacts with the 'open' kinase (Fig. 4.2C).  These data show that 
only activated PAK1 is able to associate with FXR1. 
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 Fig. 4.1 The N-terminal region of FXR1 binds to the KID region of PAK1. (A) Coomassie 
stained gel of tandem affinity purification of proteins bound to GST-KID (PAK 83-149, 
shown schematically) versus GST alone.  The 70 kDa band bound to biotinylated GST-KID 
was excised and subject to tryptic digestion and analysis by LC-MS (see methods).  FXR1 
peptides were identified by fragmentation profiles with combined Mascot score of 352. (B) 
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FXR1 constructs expressed in COS-7 cells were tested for binding to bacterial expressed 
GST-KID protein immobilized on Sepharose (2 mg/ml). The expression of protein was 
essentially equivalent comparing input lysates (Triton X-100 soluble).  The minimal construct 
showing efficient binding is shown in blue.  Human FXR2, which is highly related to FXR2 
1-380, did not bind GST-KID. 
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 Fig. 4.2 Defining the basis of the interaction between PAK1 and FXR1. (A) Constructs 
encoding various residues of PAK1 within the KID sequence were expressed as GST fusions 
and co-expressed with Flag tagged FXR1(1-380) in COS-7 cells. The immuno-precipitates 
were run on SDS-PAGE and transferred to PVDF for staining.  FXR1 was detected by anti-
Flag. Residues failing to bind PAK1-KID are shown schematically in red.  The smallest 
PAK1 125-135 bound FXR1 as efficiently as larger constructs. (B) N-terminal PAK1 but not 
full-length auto-inhibited PAK1 binds to FXR1.  COS-7 cells were transfected with constructs 
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as shown, and GST-PAK1 fusions recovered on glutathione-Sepharose (arrows).  (C) FXR1 
binds to activated PAK1.  Cells were transfected with centrosome targeted PAK1 (Zhao) and 




4.2 KH(2) domain of FXR-1 binds to PAK1 KID 
FXR1-N containing amino acids 1-380 of FXR1 is very similar to that of the FMR1 and 
FXR2 isoforms except that FMRP is larger due to an insert within the KH2 domain (Zalfa et 
al., 2006). These isoforms which contain the highly similar regions (FXR1-N, FMR1-N and 
FXR2-N) including the more diverse zebrafish FXR1 (Zf FXR1-N) were also tested for 
binding to PAK1 KID. All of them except FXR2-N, interacted with PAK1 KID (Fig. 4.3B). 
Two chimeras with each containing different lengths of both FXR2 and FXR1 (refer to 
illustration (Fig. 4.3C) were generated to identify the critical region that binds with PAK1 
KID. The switch to FXR1 KH(2) domain allowed FXR2-N chimera to bind PAK1 KID (Fig. 
4.3C). It was demonstrated that a mis-sense mutation (I304N) in FMR1 confers a dominant 
phenotype that fails to bind polyribosomes (Feng et al., 1997) even though Fragile-X 
Syndrome (FXS) is normally associated with loss of FMR1. Same substitution was performed 
in FXR1 and remarkably this version was also unable to interact with PAK1 KID (Fig. 4.3). 
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Fig. 4.3 The KH2 domain of FXR1 is implicated in PAK1 binding. (A) Constructs as 
indicated (1-4) were expressed in COS-7 cells and lysates passed through GSH-Sepharose 
preloaded with KID sequences derived from PAK1-3. The presence of fragile-X proteins was 
shown by western blotting with anti-HA. The blot shown represents a single panel. Zebrafish 
(Zf) FXR1(1-380) was obtained by RT-PCR and cloned in the same mammalian expression 
vector. (B) Alignment of the region of PAK1 involved in binding FXR1. Those residues that 
are exposed are marked in yellow. Residues highlighted in green are different between PAK1 
versus PAK2/3 (C) The KH(2) domain of FXR1 is implicated in PAK1 binding. HA-tagged 
versions of fragile-X related proteins were co-expressed the GST-PAK1-KID as shown. The 
presence of the HA-tagged protein (lower panel) and in the GSH-Sepharose pull-down (upper 
panel) indicates that KH2 residues 284-380 of FXR1 are sufficient to allow binding of the 
FXR2-FXR1 chimaera (2). 
 
 
4.3 Phosphorylation of a conserved FXR1 Ser420 is needed for in vivo function 
FXR1 would likely be phosphorylated after binding to active PAK1. The C-terminal region 
(FXR1 360 – 460 and FXR1 360 – 520) but not the N-terminal region (FXR1-N) of FXR1 
showed to be an excellent substrate for PAK1 (Fig. 4.4A). Mass spectrometry analysis 
showed that peptides containing TSxY and LSxW were phosphorylated (Fig. 4.4B). The 
sequences match the consensus motif recently published for PAK1 sites (Rennefahrt et al., 
2007). However, the substitution of S420 with alanine or aspartic acid had no affect on PAK1 
binding in the pull down assay (Fig. 4.4C). Therefore, the physiological function of FXR1 
together with the variants S420A and S420D was subsequently assessed in rescue 
experiments during the knock down of Zf-FXR1 in zebrafish embryonic development. 
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 Fig. 4.4 Identification of Ser420 in FXR1 as a PAK1 kinase target. (A) GST fusion proteins 
encoding FXR1 constructs as indicated were expressed in COS7 cells and recovered on GST- 
Sepharose.  The proteins were incubated with bacterial expressed PAK1 (100 ng), as 
indicated (pPAK1).  As a positive control we used a peptide encompassing Raf1 332-342 
(where Ser 338 is a major phosphorylation site).  The N-terminal FXR1 1-380 was not 
significantly phosphorylated, while the serine rich region FXR1 360-480 was labelled to a 
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similar extent as the Raf1 peptide.  (B) Alignment of the highly phosphorylated region of 
FMR1 (Siomi et al., 2002) comparing human FXR1 and zebra fish (Zf) versions. The region 
in red represents the immunogen used to develop anti-phospho-pS420 antibody.  Peptides 
encompassing three conserved sites (comparing FXR1 and FMR1) in the region FXR1 380-
480 were expressed as GST fusion proteins and assayed for PAK1 phosphorylation as in Fig 
4A. (C) Substitution of Ser420 does not affect PAK1 binding.  The FXR1 derivatives as 
shown were expressed in Cos7 cells and lysates passed through Sepharose-GST or GST-KID 
(see coommassie stained panel).  The associated HA-tagged proteins were identified by 
western analysis of the same panel (upper blot). 
 
 
Knockout Fxr1 mice die shortly after birth and were observed to have disruption of cellular 
architecture and strcuture in both skeletal and cardiac muscle tissue at E19 (Mientjes et al., 
2004). In frogs, knockdown of xFxr1P has the strongest effects in muscle where somite 
formation is altered (Huot et al., 2005). These consequences are likely due to the absence of 
the compensatory effects attributed by other fragile-X isoforms from muscle (Engels et al., 
2004; Huot et al., 2005). Therefore when morpholino-oligonucleotide (Fxr1MO) was targeted 
against the FXR1 translation in zebra fish embryos, I observed strong somite defects in the 
zebrafish embryos at 24 hpf (refer to methods) (Fig. 4.5A) as was seen in the case of Xenopus 
injection (Huot et al., 2005). Remarkably these defects in the morphants were rescued by the 
mRNA encoding human FXR1 which also exhibited similar efficiency as xFRX1 rRNA 
rescue in Xenopus (Huot et al., 2005) (Fig. 4.5A). This restoration of normal muscle 
development was subsequently assessed by myosin heavy chain staining (Fig. 4.5B). By 
scoring the degree and number of embryos showing somite disruption (Fig. 4.5D), I was able 
to show that FXR1 (S420D) was able to rescue while the FXR1 (S420A) could not  (Fig. 
4.5C, D). Furthermore, FXR1 (S420D) was significantly more efficient than wild type FXR1 
(Fig. 4.5C), suggesting that the phosphorylation event is limiting during muscle development. 
A rabbit polyclonal antibody specific to phosphorylated version of FXR1 at Ser420 was 
developed in order to investigate the role of FXR1 phosphorylation. Unfortunately this FXR1 
pS420 antibody was ineffective in staining the zebrafish embryos. However, it was able to 
recognize the phospho-form of both FXR1 (75 kDa) and FMR1 (82 kDa) in HeLa lysates and 
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showed increased signal and localization to stress granules upon arsenite treatment (data not 
shown). Nevertheless, taking these data together, we conclude that PAK1 positively 
contributes to FXR1 function and that FXR1 (S420D) represents an activated version of the 
protein, identified for the first time in the fragile-X class of proteins. 
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 Fig. 4.5 Rescue of FXR1 depletion in zebra fish using human FXR1 mRNA. (A) Zebrafish 
embryos injected with synthetic morpholino-oligonucleotides against Zf FXR1; 2.5 ng was 
the lowest concentration tested that gave a high penetrance of phenotype (>90%). The 
organization of somites observed by bright field microscopy was scored as normal, 
intermediate (type II) or severely disrupted (type III). (B) The organization of muscle fibres 
was assessed by myosin heavy chain (HC) staining, and confocal imaging (5 mM section), 
with nuclei counterstained by DAPI.  (C) Rescue of FXR1 loss by co-injection at the one-cell 
stage of capped mRNA (100 ng) encoding human FXR1 or variants with single amino acid 
substitutions at position Ser-420. The FXR1 S420D gave better rescue than wildtype FXR1. 
(D) Analysis of the typical phenotypes observed with FXR1 MO and co-injection with 
FXR1S420A or phospho-mimetic S420D. 
 
 
4.4 Rational design of a PAK1-binding defective version of FXR1 
The mutant FMR1(I304N) form of the protein was uncovered  as a familial form of the 
disease (Feng et al., 1997) with phenotypes resembling classic fragile-X syndrome in which 
trinucleotide repeat amplification in the 5’ non-coding region suppresses mRNA translation 
(Zalfa and Bagni, 2004). It is remarkable that to date no critical protein partner(s) is known to 
bind to this KH(2) domain for either FMR1 or FXR1. Thus, we sought to establish which 
surface residues on KH2 are involved in PAK1 binding site, and since the position of the 
I304N mutation in FMR1 is buried, it is therefore likely to be mis-folding. Based on the 
recent description of the FMR1 KH(1+2) structure (lacking the FMR1 specific insert region) 
(Valverde et al., 2007), we tried to develop a PAK1-binding deficient FXR1 mutant. The 
organization of the KH(2) domain based on this structure is illustrated in (Fig. 4.6A). The 
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double G345D/N346A substitution at the start of the α-helix (red) had no effect on PAK1 
binding (Fig. 4.6C, last lane), whereas E352K/Y353A substitutions further along the α-helix 
substantially reduced binding. However, the combination of Q348K and E352A substitutions, 
both residues facing the pocket formed by the helix and β-sheet, abolished PAK1 binding. 
Subsequently, the PAK1-binding defective FXR1-I304N and FXR1-Q348K/E352A were 
used to test for their abilities to rescue the zebrafish FXR1 morphant phenotype (all capped 
mRNAs were synthesized and injected in parallel; Fig. 4.6D).  Based on the embryonic 
phenotypes we can conclude that FXR1 is biologically compromised when its KH(2) domain 
is improperly folded (cf. FXR1-I304N) or when it is unable to bind PAK1 (FXR1-
Q348K/E352A).  This set of data represents validation of the importance of the interaction 
between FXR1 and its kinase partner, and supports the reported genetic interaction between 
FMR1 and PAK1 in mice (Hayashi et al., 2007b). It is obviously important to establish if 
other proteins can bind this region, since CYFIP1/2 has been invoked as an important partner 
but does not involve the KH2 domain (Schenck et al., 2001). 
 
4.5 Synthetic effects of PAK inhibition and loss of FXR1 
The application of MO that interferes with mRNA translation at the 1-cell stage in zebrafish 
allows for graded knockdown of the target. As shown earlier (Fig. 4.5C), introduction of 2.5 
ng of MO gives a highly penetrant phenotype of somite disruption. By contrast, introduction 
of 1.5 ng MO yielded embryos which were essentially normal at 24 hpf (Fig. 4.6E).  Given 
the various PAK isoforms in fish (Liu et al., 2007), a chemical inhibitor IPA3 which blocks 
Rho GTPase activation of conventional PAKs was used (Deacon et al., 2008) since is not as 
prone to the off-target effects as for ATP-competitive kinase inhibitors. Introduction of IPA3 
at 7 hpf (i.e. after gastrulation) at 10 µM yielded embryos with fairly normal elongation 
(along the anterior-posterior axis), but with clear defects in muscle organization at 24 hpf 
(Fig. 4.6E).  However in embryos pre-injected with of 1.5 ng FXR1 MO following treatment 
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with IPA3, >90% of embryos (n = 20) were observed to have severely disrupted somites and 
a shortened anterior-posterior axis.  Disorganization of muscle fibres and somites was clearly 
greater when combining PAK inhibition with FXR1 knock down as assessed by anti-MHC 
staining. Taking the data together, we suggest that PAK plays a role in somitogenesis, and 
that there is co-operation rather than antagonism between PAK1 and FXR1 with respect to the 
organization and development of muscle cells.  This is in contrast to the inferred antagonism 
of FMR1 and PAK proteins in mice (Hayashi et al., 2007b). 
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 Fig. 4.6 PAK1 interaction is required for the physiological function of FXR1. (A)  A 
symmetric secondary structural arrangement of the FMR1 KH(1) and KH(2) domains as 
determined (Valverde et al., 2007), showing the proposed dimerization interface (dotted line).  
This structure does not contain the FMR1 insert domain, which was removed to allow 
crystallization.  With this tertiary arrangement of residues in FXR1, the position of E352 and 
Q348 on the surface of the α-helix (red) is highlighted.  These residues are not those that 
differ between FXR2 and FXR1, but form a binding surface with the β strand (280-288, 
white) of the KH2 domain.  (B) Alignment of the KH2 domain showing residues in FXR1 
that differ from FMR1 (yellow) and those in FXR2 that differ from FXR1 and FMR1 (green). 
These differences concentrate in the β-strand and α-helical region as marked. The side chains 
of the β-sheet make internal contacts and cannot be changed without disruption to structure. 
(C) Amino acid substitutions in the context of full-length FXR1 were generated to a number 
of regions in the α-helix (red) and tested testing binding to GST-KID. The FXR2 (lane 1) was 
used a negative control in these experiments.  FXR1 Q348K/E352A was essentially close to 
null in terms of PAK1 binding whereas the E352K/Y353A mutant showed partial loss of 
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binding.  Based on the orientation in (A) the PAK KID sequence does not interact with the 
lower part of the helix. (D)  FXR1 Q348K/E352A cannot rescue developmental defects in 
muscle development in zebra fish. Assays were performed as detailed in Fig. 4. Synthetic 
mRNA encoding FXR1 (I304N) or FXR1 (Q348K/E352A) could not rescue the somite 
defects associated with loss of FXR1.  Interestingly human FMR1 was unable to rescue FXR1 
loss indicating different requirements in terms of muscle development. (E)  Confocal images 
of embryos treated with FXR1 MO (1.5 ng per embryo) with and without the PAK1 inhibitor 
IPA3 (10 mM) added at 7hpf (ie. after gastrulation) and stained with anti-myosin heavy chain 
(at 24hpf). Representative images show the disorganization of somites with IPA3 treatment 
which is more severe with loss of FXR1 protein. 
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CHAPTER 5 
5.1 PAK4 kinase activity and association with 14-3-3 and Cdc42 
# Biochemical experiments were conducted by Dr Yohendran Baskaran (MD) a PhD student 
in IMCB in collaboration.  I carried out all experiments relating to zebrafish development. 
 
PAK4 is a ubiquitous kinase belonging to the group two or non-conventional PAKs 
(represented by PAK4/5/6 in vertebrates), and interacts with Cdc42 but not Rac1 (Abo et al., 
1998). The over-expression of Cdc42V12 results in relocalization of the cytosolic PAK4 to 
the Golgi apparatus (Abo et al., 1998) however the significance of this observation has not 
been established.  PAK4 has not been implicated in protein trafficking. Unlike the situation 
with PAK1, activated Cdc42 interaction does not increase the catalytic activity of the non-
conventional PAKs (Abo et al., 1998). In a proteomic screen of 14-3-3 binding partners, 
PAK4 and IRSp53 were identified as Cdc42 effectors that interact with 14-3-3 in a 
phsophorylation-dependent manner (Manser, unpublished). The 14-3-3s are the most 
abundant adaptor proteins for phosphorylated serine/ threonine residues, and conserved 
among all eukaryotes. Binding to 14-3-3 can perform a wide variety of functions, and mask 
the phosphate groups against phosphatases (Yaffe, 2002). The identification of 14-3-3 binding 
sites can be difficult due to the abundance of serine/threonine residues in proteins:  
biochemical and functional studies were carried out to characterize the association of PAK4 
with 14-3-3 (and in relation to the possible cross-talk with Cdc42 binding). 
 
5.2 Active PAK4 and a conserved T207 critical for 14-3-3 binding 
Two separate fragments of PAK4 namely the amino- terminus (NT, aa 1-297) and the 
carboxyl- terminus (CT, 286-591) were expressed in COS7 cells and the NT protein was 
identified as a direct target for 14-3-3 based on the level of protein recovered in the assay 
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(Fig. 5.1B). The NT protein contains a number of regions that are conserved between PAK4, 
PAK5 and PAK6 and YB has shown that these represent the nuclear localization signal 
(NLS), nuclear export signal (NES) in addition to the established Cdc42/Rac interactive 
binding (CRIB) region (Fig. 5.1A). As for the CT protein, it comprises the kinase domain 
which is the most highly sequence related region among the group II kinases. Co-
immunoprecipitation experiments using a series of N-terminal deletions were used to identify 
one of the 14-3-3- binding sites. There is significant binding of the PAK4 (1-217) but not 
PAK4 (1-174) (Fig. 5.1B), thus pinpointing one 14-3-3 binding site to residues 175 to 217. In 
addition, the first seven residues of PAK4 are required (in the context of PAK4 NT) since 
PAK4 (8-217) was insufficient for 14-3-3 binding (Fig. 5.2A).  On the basis of the sequence 
conservation of residues in this region (comparing human and zebrafish PAK4, Fig. 5.9) 
alanine substitution was performed on human PAK4 T207, Y208 and R210; substitutions to 
either T207 or Y208 diminished 14-3-3 binding (Fig. 5.2B). The T207 which was present in a 
motif (Fig. 5.2B) was identified to be the most probable phsophorylation site required for 14-
3-3 binding site. This motif is partially conserved in PAK5 which co-immunoprecipitate with 
14-3-3 (YB, data not shown). Constitutively active PAK4 (S445N) binds more14-3-3 than the 
inactive wildtype kinase, while the catalytically inactive PAK4 (K350M) (Fig. 5.3A) is 
unable to bind 14-3-3 even after calyculin treatment (which enhances protein serine/threonine 
phsophorylation by blocking cellular phosphatases). 
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Fig. 5.1 Mapping of 14-3-3 binding site in PAK4. Expression of FLAG tagged PAK4 FL 
(full-length), CT (catalytic C- terminal) and various NT (N- terminal) fragments in COS-7 
cells and immunoprecipitation (IP) performed on anti- FLAG bead column. (A) Schematic 
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diagram showing the various fragments used. The right column indicates the ability of 14-3-3 
binding based on the western blot analysis shown in (B). (B) Western blot analysis showing 
IP samples co- immunoprecipitated for endogenous 14-3-3 probed with a rabbit anti-pan 14-
3-3 antibody (Santa Cruz) and PAK4 with rabbit anti-FLAG antibody (Sigma). 
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Fig. 5.2 14-3-3 binding site found in a conserved motif of PAK4 NT. GST-fusion PAK4 N-
terminal constructs and HA-14-3-3 (zeta ζ version) were co- transfected into COS7 cells and 
purified on a glutathione bead column. Transblot containing the eluted samples was stained 
with Coomassie and later probed with rabbit anti-pan 14-3-3 antibody in western blot. Note 
that input load of 10% is compared. (A) Deletions were performed on the PAK4 with NT 1-
217 fragment previously shown to bind 14-3-3 (Fig. 3.2). (B) Alanine mutations were serially 
made in PAK4(1-211) fragment which previously found to have minimal 14-3-3 binding. The 
smaller 14-3-3 band is believed to be endogenous 14-3-3 and the larger, HA-14-3-3 zeta. 
Asterisks indicate the mutated sites which are partially conserved in PAK5. Red asterisk 
marks the potentially phosphorylated Thr-207. 
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5.3 Activated Cdc42 promotes 14-3-3 binding to PAK4 
Activated Cdc42.GTP binds to the CRIB region of conventional PAKs (Group 1) and thus 
releases the effects of the auto-inhibitory inhibitory domain (AID) to allow kinase auto-
phosphorylation. The regulation of unconventional PAKs appears different and is presently 
unknown. The observation that Cdc42 has a positive effect on the binding of PAK4 to 14-3-3 
is clearly significant, and the underlying mechanism was therefore investigated. The Δ1-7 
+ΔCRIB PAK4 mutant bound 14-3-3 even in the presence of direct Cdc42 binding (Fig. 
5.3B) suggesting that this effect occurs by stimuating PAK4 phsophorylation at T207 rather 
than causing a conformational change in PAK4.  Unlike the N-terminal domain alone (PAK4-
N), the absence of the first 7 residues had impact on 14-3-3 binding.  To test if the single site 
(T207) was sufficient, a dimerization defective 14-3-3 mutant (dim) and a phosphate binding 
pocket mutant (K49E) of 14-3-3 were tested for PAK4 association. Neither of these bound 
PAK4 in the presence of Cdc42V12 (Fig. 5.4A); thus additional sites other T207 are likely 
required. To date, there are seven (β, γ, ε, η, σ, τ, ζ) mammalian 14-3-3  isoforms (Yaffe, 
2002) and only ζ isoform binds to PAK4 strongly (ie without Cdc42V12 stimulation). With 
enhanced phsophorylation, γ, ε and η 14-3-3 isoforms exhibited some PAK4 binding (Fig. 
5.4B). 
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Fig. 5.3 Binding of 14-3-3 is promoted by activated Cdc42 and kinase activity. FLAG tagged 
PAK4 constructs were co- transfected with HA-14-3-3 in COS-7 cells. IP of cell lysates was 
performed on anti-FLAG IgG bound bead columns. Proteins bound on the anti-FLAG were 
eluted by boiling in SDS-sample buffer and transblotted to PVDF membranes, which were 
stained with Coomassie Blue dye prior to western blot. Rabbit anti-pan 14-3-3, anti-FLAG 
and anti-HA antibodies were used in western blot analysis. (A) PAK4 TY/AA is a double 
mutations generated on the 14-3-3 binding site T207A/Y208A. CA is constitutively active 
and KD is kinase dead. (B) A set of cells were transfected with the addition of constitutively 
active HA-Cdc42V12. Δ1-7+CRIB is a deletion of residues 1-27 which comprised of the NLS 
and CRIB domains. Note that loading of 20% sample in western blot is shown. 
  86 
  
Fig. 5.4 Binding to PAK4 requires dimerised and isoform specific 14-3-3. (A) Wild-type 
(WT), dimerisation defective (dim) mutant and a binding site mutant (K49E) of FLAG tagged 
14-3-3 zeta were co- expressed separately with HA-PAK4 in COS-7 cells in the presence and 
absence of activated HA-Cdc42V12. IP of the lysate was performed on the anti- FLAG IgG 
beads before western blot analysis. Rabbit anti-FLAG and anti-HA antibodies were used in 
western blot. Loading of 20% sample was shown. (B) Seven different human isoforms of 
FLAG tagged14-3-3 were co- expressed with HA-PAK4 in COS7 cells without (top panel) 
and with (bottom panel) active Cdc42V12. IP using anti-FLAG beads and western blot 
analysis were performed with 20% input as shown. 
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5.4 Nuclear-cytoplasmic shuttling of PAK4 via conserved protein motifs 
PAK4 is detected in a number of cell lines including the LNCaP prostate cancer cell line (Fig. 
5.6). Treatment of LNcaP cells with leptomycin B (LMB); an inhibitor of the CRM1 for three 
hours led to accumulation of endogenous PAK4 in the nucleus. This effect was seen in HeLa 
cells expressing exogenous PAK4 (Fig. 5.7). The first seven residues of PAK4 contain a 
polybasic motif that was previously identified in PAK5 (Cotteret and Chernoff, 2006). 
Deletion of the first seven residues (MFGKRKK) largely prevents the import of PAK4 into 
the nucleus after one hour LMB treatment (Fig. 5.7), however there appears to be an 
additional NLS since the kinase domain alone is nuclear localized (data not shown). The 
proximity of the N-terminal NLS to the CRIB region suggested that Cdc42 could prevent 
nuclear re-localization. This was tested by using a fusion protein comprising of Cdc42V12 
(CAAX region deleted) connected to PAK4 by 6 Gly linker.  This construct was retarded with 
respect to nuclear accuumulation upon LMB treatment (Fig. 5.7). 
 
It was noted that the PAK4 isoform 2 that lacks a region (residues 85 to 94) (Fig. 5.6) found 
in PAK4 isoform 1 and which is well conserved among species, is nuclear localized.  This 
strongly suggested that the deleted region contained a function nuclear export signal (NES). 
Alanine substitutions of residues; phenylalanine, methionine and valine at respective positions 
89, 98 and 94 in PAK4 (mutNES) confirmed that this region is involved in CRM-dependent 
nuclear export since the mutants were exclusively nuclear localized (Fig. 5.8).  Combined 
inactivation of both PAK4 NLS and NES (residues 1-7)  resulted in cytoplasmic localization, 
showing that the NLS mutation is largely deficient in function in spite of the putative sites in 
the catalytic domain (as discussed earlier) (Fig. 5.8). 
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 Fig. 5.6 PAK4 is highly expressed in LNCaP (Human prostate adenocarcinoma cell line) 
prostate cell line and is well distributed in cytoplasm and nucleus as shown by rabbit 
polyclonal anti-PAK4 antibody (AbCam). Exposure to a three hour treatment of leptomycin B 
(LMB) showed PAK4 accumulated in the nucleus. Scale bar = 20 μm. 
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Fig. 5.7 Nuclear translocation of PAK4 was regulated by nuclear localization signal (NLS) 
and activated Cdc42. (Top panel) HeLa cells transfected with FLAG-PAK4 constructs which 
localized to the cytosol. The Δ1-7 PAK4 is a construct with deletion of the polybasic rich 
MFGKRKK sequence. The V12-PAK4 is a Cdc42V12-PAK4 fusion protein. (Bottom panel)  
Nuclear re- localization of PAK4 was inhibited by the deletion of 1-7 residues when cells 
were incubated with the exportin1 (CRM1) inhibitor LMB. The cells were fixed after 
treatment with 10 nM LMB for an hour. Scale bar = 20 μm. 
 
  90 
  
Fig. 5.8 Conserved motif in the regulatory NT functions as a nuclear export sequence (NES) 
causes. The mutNES PAK4 construct is a triple alanine mutation of the residues 
F89A/M92A/V94A. The delNLS/ mutNES PAK4 construct contains a combined deletion of 
residues 1-7 (MFGKRKK) and the mutNES mutations. The triple alanine mutation causes 
PAK4 to be retained in the nucleus. Over- expression of the delNLS/ mutNES PAK4 
construct in HeLa cells suggested that NLS mutation is unaffected by the additional NES 
mutation. Scale bar = 20 μm. 
 
5.5 Anti- apoptotic role of PAK4 in zebrafish 
PAK4 has wide tissue distribution with marked expression in prostate, testis and colon (Arias-
Romero and Chernoff, 2008). Absence of PAK4 in mice results in early embryonic lethality 
(prior to E11.5) with abnormalities that include heart defects and improper folding of caudal 
neural tubes (Qu et al., 2003). Thus, PAK4 is essential in early development and 
organogenesis. Although PAK4 has been invoked in the regulation of pro-survival pathways 
(Li and Minden, 2005), it was unclear if these abnormalities in PAK4 knockout embryos were 
associated with inappropriate apoptopsis. 
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The regulatory domains of PAK4 are moderately conserved among vertebrates including 
zebrafish (Fig. 5.9), indicative of essential function(s), similarly as the catalytic domain which 
is also highly identical. Zebrafish embryonic development is an attractive system to 
investigate in more detail the role of PAK4 at early stages, since large numbers of embryos 
can be followed throughout early development. Loss of function by morpholino (MO) 
induced translational inhibition is a method  that allows reproducible loss of PAK4 expression 
with the possibility of testing rescue of observed defects using PAK4 (including the mutants) 
derived from the biochemical analysis.  A PAK4 MO was designed against a sequence around 
the translational start site; while epiboly appeared to occur as usual, the effect of PAK4 MO 
(10 ng) could be observed in the majority of embryos at 14 hpf which is characterized by dark 
regions as observed under phase contrast microscopy (Fig. 5.10A). The dark regions were 
indications of cell death. 
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 Fig. 5.9 Amino terminus of PAK4 consisting of NLS, CRIB, autoinhibitory sequence and 
NES are well conserved among species. 
 
I noted that regions including the trunk and posterior regions show dramatic improvement 
(with respect to cell death indicated by phase-dark regions) at 24hpf versus earlier times. 
However, high apoptotic levels appeared to persist in the brain (Fig. 5.10B) and consistent 
with microcephaly being the only phenotype at 48hpf (data not shown). The microcephaly 
defect at 24hpf was simple to score by light microscopy as illustrated in Fig 5.14A. In the 
case of embryos rescued by human PAK4 mRNA, the effects of the PAK4 MO could be 
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ameliorated. Co-injection of 100pg capped human PAK4 mRNA was effective in restoring 
the morphology of brain structures at 24 hpf (Fig. 5.14A) and development more generally 
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Fig. 5.10 Loss of PAK4 in embryo resulted in cell death and is significantly rescued by 
Human (HS) wild-type (WT) PAK4. (A) Representative un-injected WT control embryos at 
14 hpf, 16 hpf and (B) 24 hpf where PAK4 morphants exhibit massive cell death in the whole 
embryos. Dark regions in embryos indicate cell death. PAK4 morphants were observed to 
have slower growth rate and are smaller in sizes as compared to the WT controls. (C) Rescue 
of PAK4 morphant phenotype by HS WT PAK4. 100pg of HS WT PAK4 mRNA was 
sufficient to rescue and dramatically reduced cell death in the 14 hpf and 16 hpf embryos with 
the development of the head and somites comparable to the un-injected controls. Expression 
of HS WT PAK4 at 400pg also efficiently rescued the morphant phenotype at 16 hpf. 
 
 
The occurrence of pycnotic nuclei is a late indicator of cell death: I observed abundant 
pycnotic nuclei (by DAPI staining) in PAK4 morphants particularly in the neural tube of the 
embryonic brain at higher magnification (ie. 40x) by confocal microscopy (Fig. 5.11). These 
pycnotic nuclei were the dark regions observed under phase contrast. In PAK4 morphants, the 
high level of cell death resulted in an inhibition of ventricular expansion and in severe cases 
delayed neural tube morphogenesis (Fig. 5.11). However, co- expression of 100 pg Human 
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PAK4 was able to alleviate the bulk of these defects and embryos exhibited neuronal 
structures comparable to the un- injected control at 14 and 16 hpf (Fig. 5.11). Using PAK4 
antibody that detects endogenous zebrafish PAK4, I observed that PAK4 was predominately 
cytosolic and distributed throughout zebrafish embryo (Fig. 5.11). In the PAK4 morphant, 
there was significant loss of staining, indicating MO targeted against PAK4 did reduce the 
kinase level and the exogenously added Human PAK4 could also be detected in embryos 
injected with 100 pg Human PAK4 (Fig. 5.11). 
 
The cell architecture of neural tissue (in the un–injected controls) was clearly organized with 
a clear midline present in the neural tube. Examination of the actin cytoskeleton with 
phalloidin showed that with loss of PAK4 there were more dis-organized F-actin structures in 
the neural tube; at the same time there is clearly increased cell death (Fig. 5.11).  Thus PAK4 
likely plays a role in cell survival at this developmental stage. In order to assess apoptosis 
more directly, I used the DNA N- labelling apoptag kit (Chemicon). Many apoptotic cells 
were detected in the brain of PAK4 morphants at 24 hpf versus much lower basal levels in the 
un-injected controls (Fig. 5.12A). Therefore, I conclude that the widespread cell death is an 
apoptotic effect, and one role of PAK4 is likely to prevent early cell apoptosis. An antibody 
directed to phospho-histone H3 (pH3) was used to assess the mitotic index at 24 hpf embryos 
to study if the loss of PAK4 had any effect on cell proliferation. This marker detects Aurora-
mediated modification of serine 10. The number of proliferating cells by this criterion was 
generally similar between control and PAK4 morphants (Fig. 5.12B). Thus the absence of 
PAK4 increases cell apoptosis but does not affect cellular proliferation (from 14-24 hpf). 
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 Fig. 5.11 Analysis of PAK4 expression in 14 hpf un-injected controls, PAK4 morphants and 
rescued embryos. Confocal sections show dorsal views through the brains of embryos. PAK4 
is expressed in cytoplasm of embryo head and was shown to be significantly reduced in the 
PAK4 morphants.  Level of expression was subsequently recovered in the rescued embryos 
relatively comparable to the un-injected controls. Higher number of apoptotic cells containing 
pyknotic nuclei was observed throughout the developing heads of PAK4 morphants as 
compared to the un-injected controls and rescued embryos. Actin cytoskeleton organization of 
the developing neural tube was examined by phalloidin. Cells were much more organized and 
a clear midline is present in un-injected controls. In contrast, the neural tube was clearly dis-
organized and the F- actin intensity of cells was severely reduced in PAK4 morphants which 
could be due to the increased level of apoptosis. In addition, the cell morphology of the 
developing brain in the embryo was shown to be more organized when rescued with 100pg of 
the Human WT PAK4. 
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Fig. 5.12 Analysis of cell death and cell proliferation in brains of 24 hpf embryos. (A) Cell 
death analysis in brains (dorsal views) of 24 hpf embryos using ApopTag fluorescein in- situ 
apoptosis detection kit. Level of apoptotic bodies was observed to be significantly higher in 
PAK4 morphant and they co-localized with the pycnotic nuclei labelled with DAPI when 
compared to the un-injected controls. (B) Dorsal views of brain morphology at 24 hpf 
immunostained with phospho- Histone 3 (pH3) antibody. Level of proliferated cells was 
relatively comparable between the 24 hpf un-injected controls and PAK4 morphants 
suggested PAK4 does not interfere in cell proliferation. 
 
 
One of the major 'off target' effects of MO in zebrafish is the activation of p53 mediated cell 
death (Robu et al., 2007). As such p53 directed MO can be useful from removing such off-
target silencing. We observed that effects of PAK4 MO at 24 hpf could be largely blocked by 
p53 MO, suggesting that the pathways induced by loss of PAK4 is mediated by p53. This is 
consistent with early nomal apoptotic events being p53-dependent (Robu et al., 2007). Hence, 
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I would argue that the ability of PAK4 mRNA to rescue the apoptotic phenotype indicates an 
'on target' effect. An antibody (ZFp53-9.1) to zebrafish p53 was used to assess the PAK4 
morphants; p53 was nuclear enriched (Fig. 5.13) relative to controls as would be expected of 




Fig. 5.13 Change of endogenous p53 localization. Dorsal view of brain showing endogenous 
p53 is localized in the cytoplasm of 24 hpf un-injected control immunostained with 
monoclonal antibody ZFp53-9.1. This p53 antibody was shown to be enriched in the nucleus 
of PAK4 morphants. 
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5.6 Assessing the requirement for Cdc42 binding and target phosphorylation. 
The brain defect observed in PAK4 morphant at 24 hpf is termed 'microcephalic' (Fig. 
5.14A). The penetrance level for PAK4 morphants (at 10 ng) was in the region of 80% (Fig. 
5.14B). This phenotype (rather than the earlier one) was used to score rescue by various 
mutants of human PAK4 because rescue by mRNA injection was quite clear. The data 
collected from multiple rescue experiments and consolidated in Fig. 5.14B showed a number 
of interesting findings. The nuclear trapped mutants (PAK4 F-mu/AAA) was unable to rescue 
loss of PAK4 (Fig. 5.14B), showing that cytosolic rather than nuclear PAK4 is essential to 
prevent apoptosis in the brain. By contrast PAK4 lacking the NLS (PAK4 8-591) behaved as 
wildtype with respect to this rescue. Surprisingly the kinase dead (PAK4 350M) and CRIB 
mutated (PAK4 S12P) were not completely null with respect to rescue indicating that neither 
kinase activity nor Cdc42 binding are critical for function (Fig. 5.14B). Phenotypic analysis at 
24hpf revealed that a PAK4 mutated in 14-3-3 binding site (207A) behaved similarly to 
wildtype PAK4. However a double mutant (PAK4 350M/ 207A) was severely compromised 
suggesting that 14-3-3 binding and PAK4 kinase activity are important to maintain normal 
brain size (Fig. 5.14B). 
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Fig. 5.14 Human PAK4 rescues the microcephaly phenotype. (A) The brain ventricles in un- 
injected controls are visibly expanded as shown by well- folded neural tube. In contrast, 
PAK4 morphants exhibit more reduced brain size and pronounced cell death still sustained at 
the brain region as indicated by the dark regions at the side of the neural tube. Rescue with the 
Human PAK4 mRNA was able to achieve significant rescue with dramatic reduced cell death 
at the brain region at 24 hpf and improved expansion of the brain ventricles. (B) Phenotypic 
analysis of PAK4 rescue at 24 hpf. Mutation in nuclear export signal (NES) was unable to 
rescue. Kinase dead (350M) and CRIB mutated (S12P) PAK4 showed partial rescue. PAK4 
mutated in 14-3-3 binding site (207A) was comparable to the WT PAK4. Rescue using 
double mutant (350M/ 207A) of PAK4 became significantly reduced suggested function of 
14-3-3 binding site only became crucial in the absence of PAK4 kinase activity. 
 
 
Overall these results demonstrate the versitlity of the zebrafish syem to analyse protein kinase 
function in the context of vertebrate signaling. Further experiments will be required to 
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establish in cell culture and in developing fish, how PAK4 functions and what downstream 
targets are involved with the phenotypes observed here. 
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CHAPTER 6 
DISCUSSION 
Cdc42 was first identified for its role in cell division in Saccharomyces cerevisiae and shown 
to be a critical regulator in actin– dependent polarisation process during budding and mating 
in yeast (Ziman et al., 1991). The atypical Chp/RhoV is one of a number of proteins related to 
the Cdc42 that includes Cdc42a, Cdc42b, Cdc42c, RhoUa, RhoUb (Wrch1), RhoJ (TCL), and 
TC10 in zebrafish genes (Salas-Vidal et al., 2005). Cdc42 and Chp display preferential 
binding to the CRIB region of PAKs. Many studies have established that PAKs unequivocally 
operate downstream of most Cdc42- and Rac1-like proteins (Arias-Romero and Chernoff, 
2008; Aronheim et al., 1998). In addition, this novel interaction requires targeting via the 
multi-domain partner PIX (PAK- interacting exchange factor) (Manser et al., 1994). Possibly 
due to evolutionary conservation between yeast and mammalian signalling proteins, 
mammalian PAK1 was able to replace the Pak STE20 in S. cerevisiae required in the mating 
response pathway (Brown et al., 1996). Chp was first discovered to interact specifically with 
PAK1 by yeast two-hybrid screening (Aronheim et al., 1998) and it differs from Cdc42 and 
Rac by an extended proline rich amino terminus. As for the PAK4 in GroupII PAKs, the 
clone was initially obtained from the Jurkat cell cDNA using degenerate primers designed 
based on the yeast STE20 and mammalian hPAK2 (Abo et al., 1998). PAK4 was found to 
interact more tightly with activated Cdc42 as compared to Rac and the interaction could result 
in translocation to golgi (Abo et al., 1998). However, nothing was known about its kinase 
targeting. To date, even though the majority of this work was done in mice and cell cultures, 
the results from my work have demonstrated the versatility of the zebrafish system to analyse 
the function of Chp in epiboly and the protein kinases function in the context of vertebrate 
signalling. Thus, the use of zebrafish embryo as an animal model has indeed become 
paramount to study early embryogenesis because of its many advantages. The embryos 
develops externally from the maternal body and is optically translucent that allows ease of 
observation throughout developmental stages. Furthermore, it also gave the ability to 
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manipulate protein expression through translational repression such as the use of morpholinos 
(MOs) (Eisen and Smith, 2008). 
 
6.1 Rho GTPases and cell-cell junctions 
My current work has suggested that Chp is required to localize the junctional E-cadh and as a 
result β-catenin at the adherens junctions in the cells that make up the EVL and DEL (Fig. 
3.9). Nonetheless the fact that Chp expression does not appear until 30% epiboly suggests that 
at earlier times there are alternate pathways operate to localize E-Cadh. In early cdh1 MO-
injected embryos, the cleavage plane orientation between blastomeres is irregular, and 
adhesion defects prevent normal cell compaction (Babb and Marrs, 2004). In contrast, Chp 
morphants are normal with respect to the early cleavage events, consistent with the lack of 
Chp mRNA at this stage (Fig. 3.2B). At ~ 50-90% epiboly Chp protein and mRNA is 
expressed in all cell layers, and at this stage required for E-cadh-mediated adhesion leading to 
vegetal movement of the EVL, DEL and YSL to complete epiboly. One would anticipate 
however that the GTP-bound (active) Chp would be spatially organized. We find that Chp 
MO injection into the YSL at 30% epiboly is also capable of causing epobolic defects (data 
not shown). It is suggested that in Fundulus embryos the YSL drives epiboly by towing the 
EVL during the vegetal pole migration, even in the absence of the blastoderm (Solnica-
Krezel, 2006). In our studies Chp knock down leads to a delayed migration of the YSL and 
EVL but an absence of DEL cells is noted at the migrating front (Fig. 3.6), although the 
leading edge actin is essentially normal.  In this context we have not tested if Rac1 is required 
for the formation of this F-actin strucutre, but it is suggested by other studies in Drosophila 
on dorsal closure (Harden et al., 1999).The Chp phenotype is entirely consistent with loss of 
E-cadh leading to both delayed epiboly and gastrulation (Babb and Marrs, 2004; Kane et al., 
2005; Shimizu et al., 2005). During epiboly, E-cadherin RNA forms a gradient, with low 
levels in the deep cell layers, and increasing levels towards the EVL (Kane et al, 2005).  A 
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minor effect on F-actin structures is observed in MZcdh1rk3 mutant embryos where the 
location of the DEL margin is displaced relative to the EVL margin. Mediolateral 
intercalation might be affected in these mutant embryos; this drives convergence and 
extension (CE) in the embryos and therefore these E-cadh mediated cell adhesion defects 
occur simultaneously with epiboly. The defective movement of deep cells has been monitored 
in E-cadh mutants (Kane et al., 2005; Shimizu et al., 2005). The adhesion between the DCs 
and the EVL was mostly disrupted but the adhesion between DCs is relatively unaffected in 
the MZcdh1rk3 mutant and cdh1 morphant embryos. Thus E-cadh- mediated cell adhesion 
between the DC and EVL plays a role in the epiboly movement in zebrafish. The organization 
of microtubule remains unaffected in Chp morphants (Fig. 3.6) although cadherins might play 
some minor role in regulating microtubules (Lin et al., 2009). This study suggested that 
blocking cadherin expression uncouples the yolk cell microtubule cytoskeleton membrane 
contacts within the YSL (Lin et al., 2009). 
 
6.2 Pathways involved in regulating E-cadherin localization  
E-cadherin is one of the most important cell-cell adhesion receptors involved in tissue 
morphogenesis and maintenance of epithelial tissue integrity (Gumbiner, 2005; Nandadasa et 
al., 2009). Loss of E-cadherin function has emerged as a key event for epithelial invasion and 
metastasis (Christofori and Semb, 1999). E-cadherin expression becomes down-regulated 
when epithelial cells acquire motile and invasive characteristics particularly in embryonic 
development (Thiery, 2003). Rac1 activity can perturb the distribution of E-cadherin at 
junctions in different cell types (Akhtar and Hotchin, 2001; Keely et al., 1997; Yagi et al., 
2007). The Rac1-dependent disruption of junctions has been shown during intestinal epithelia 
differentiation (Stappenbeck and Gordon, 2000), salivary gland morphogenesis (Pirraglia et 
al., 2006) and tracheal tubulogenesis (Chihara et al., 2003). As for other surface receptors, 
such as integrins, they are not removed from cell-cell contacts within the same time frame as 
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cadherins (Braga et al., 2000). 
 
The controlled internalization of membrane receptors and lipids is crucial to control many 
signaling pathways. It has been known for 10 years that introduction of active Rab5 in 
fibroblasts results in prominent lamellipodia formation (Spaargaren and Bos, 1999).  During 
clathrin-mediated endocytosis, membrane constituents such as E- Cadh are transported via 
endocytic vesicles into early endosomes. Wnt11 signaling requires endocytosis of E-cadherin 
via a process that requires Rab5c (Ulrich et al., 2005). Clathrin- and Rab5-mediated 
endocytosis also participate in Rac1-GTP induction by various stimuli where Rac1 activation 
is proposed to take place on early endosomes; this Rab5-to-Rac pathway is invoked for 
primordial germinal cell migration during zebrafish development (Palamidessi et al., 2008). 
Nonetheless is unclear how regulating Rab5 per se generates a specific signal to relocate 
either Rac1 or E-cadh.  Rac1 function in this context has not been directly linked to the 
conventional PAKs, but this would be an attractive model which would fit with our 
observations.  The observations in this study that Cdc42 related Chp1 signaling is required for 
proper E-cadh localization is curious given that we provide strong evidence also for 
involvement of PAK activation downstream of Chp. A model depicting these interactions is 
presented in Fig. 6.1 and this provides us with a platform for further investigation. Loss of the 
RacGAP chimerin is characterized by the  development of round somites, lack of yolk 
extension, and a kinked posterior notochord (Leskow et al., 2006). These zebrafish morphants 
show Rac hyper-activation as expected and progress faster through epiboly. One would 
therefore anticipate that Rac1 plays a role in leading edge movement in epiboly. 
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 Fig. 6.1 Model of the Chp-PAK-PIX mediated pathway uncovered in this study, and its 
possible location with reference to other components controlling E-cadh localization at the 
EVL of epiboly. Wnt11 has been shown to control E-cadh via a Rab5 sensitive pathway 
(Ulrich et al., 2005). 
 
 
6.2.1 Regulation of development by PAK1 signalling 
It is clear that PAKs operate downstream of most Cdc42- and Rac1-like proteins. To date, the 
genetic analysis of Group I PAKs has revealed that loss of PAK2 in mice is embryonic lethal 
whereas PAK1 null mice is viable but with immunity defects (Hofmann et al., 2004). 
Mutation in PAK3 gene is associated with X- linked mental retardation syndrome (Hayashi et 
al., 2004; Hayashi et al., 2007b). The introduction of kinase-inactive PAK1 into hippocampal 
neurons of mice causes a reduction in primary branching on apical dendrites and the number 
of basal dendrites  (Hayashi et al., 2007a). Neuronal PAK activity can be inhibited in mice by 
the expression of a kinase inhibitory peptide (KID) leading to fewer dendritic spines and a 
lower proportion of longer and thinner spines in the cortex (Hayashi et al., 2007b). In 
drosophila, the dPAK (orthologue of group I PAK) is not only involved in axon guidance, 
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regulation of postsynaptic structure and protein localization (Parnas et al., 2001), but also 
plays a role in epithelial morphogenesis (Conder et al., 2007). dPAK is also required for the 
morphogenesis of epidermis driven by the actomyosin contractile apparatus at the leading 
edge cytoskeleton during drosophila dorsal closure (Conder et al., 2004) and mutations in 
dPAK can disrupt the follicular epithelium covering the developing egg chambers during 
oogenesis (Conder et al., 2007). Although PIX is present in Drosophila, mutants in dPix 
primarily affect later developmental stages (Parnas et al., 2001) although the maternal 
contribution has not been assessed. It is also noted that the major partner for PIX, an Arf-GAP 
GIT1 is required for proper muscle attachment which links the protein to integrin signaling 
(Bahri et al., 2009).  Hence, none of these functions appear to be informative with respect to 
the role of the vertebrate orthologues in early development. In xenopus, PAK activity 
downstream of Rac is required for fibronectin assembly regulated by cadherin adhesive 
activity (Dzamba et al., 2009). In zebrafish, the knock down of Zf PAK2a and PAK2b can 
affect the integrity of the blood-brain-barrier (Buchner et al., 2007; Liu et al., 2007). 
 
I have used the recently described PAK inhibitor IPA3, which does not inhibit in an ATP-
competitive manner but rather binds to and prevents kinase activation by Cdc42 (Deacon et 
al., 2008). The results of treatment of embryos with this compound depend on the point at 
which the drug is added. When added at the 1-cell stage I did not see any appreciable 
changes, but when added during epiboly itself, a consistent phenotype was observed (Fig. 
3.11G). It could be due to the IPA3 containing a di-sulphide bond that is likely to be reduced 
rapidly in vivo and as a consequence leading to the temporal display of the phenotype. This is 
consistent with PAK activity being required during epiboly, but further experiments are 
required to validate this compound in fish. 
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Both Chp and PIX morphants that survived till 24 hpf exhibited shortened antero-posterior 
axis consistent with gastrulation defects, and in line with studies of E-cadh loss in zebrafish 
(Babb and Marrs, 2004; Shimizu et al., 2005). E-cadh knockout in mice produces early 
embryonic lethality due to a requirement for the protein in proper development of the extra-
embryonic epithelial trophectoderm (Larue et al., 1994) That E-cadh mediated cell-cell 
adhesion lies downstream of a vertebrate-specific Rho GTPase is somewhat unexpected given 
the conserved processes of gastrulation. In mammalian systems αPIX has been shown to be 
important for function of the immune system (Missy et al., 2008), but is not required for early 
development but βPIX knockout has not been reported. 
 
6.2.2 Other functions of PAK and PIX in- vivo 
With respect to other roles for PAK signaling, a hypomorphic mutation of Pak2a causes 
cerebral hemorrhage in zebrafish at 48h (Buchner et al., 2007). This phenotype is consistent 
with the same interdependence of PAK on PIX, since loss of a longer transcript of βPIX (Liu 
et al., 2007) gives a virtually identical phenotype. In the light of our findings it would be 
interesting to investigate these PIX and PAK functions with respect to the potential aberrant 
localization of cadh10 (Williams et al., 2005).  Cadherin-10 is the dominant blood-brain 
barrier adhesion molecule in human and mouse (Williams et al., 2005). How might E-cadh 
localization be regulated by the activities of PIX and PAK? Although we reported that PIX is 
an activator of Cdc42 and Rac (Manser et al., 1998), the protein has essentially no in vitro 
activity compared with more conventional exchange factors such as Dbl (unpublished data), 
indicating to us that a local feedback loop involving Rac1 and/or Cdc42 is unlikely.  In rescue 
experiments a βPIX with DH loss of function rescues βPIX MO to the same extent as wild 
type (data not shown), which argues that the GEF function of PIX is not critical. We 
anticipate PIX plays primarily a scaffolding role for PAK. It has recently been suggested that 
E-cadh is responsible for the organization of fibronectin in Xenopus embyos (Dzamba et al., 
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2009). In this proposed pathway, regulatory myosin light chain 2 (MLC2) phosphorylation is 
suggested to be downstream of Rac1 perhaps via PAK (although it is unlikely that PAK is a 
direct kinase for MLC2 in this context). Inhibition of Rac or PAK (using KID) blocked 
cortical actin assembly of fibronectin fibrils in the extracellular matrix. When PAK was 
inhibited, the phosphorylation of cortical MLC2 was reduced, consistent with previous 
observations in endothelial cells (Stockton et al., 2007; Stockton et al., 2004).  
 
This work represents the earliest known function of PAKs in vertebrate development; with 
respect to PAK1 (probabaly) and PAK4.  As mentioned in the previous section, PAK2a and 
PAK2b in zebra fish seem to function later in development (Buchner et al., 2007; Liu et al., 
2007).  By contrast PAK1 KO in mice does not produce any early developmental defects but 
does lead to immune and brain defects in the adult (Buchner et al., 2007). The conventional 
PAK isoforms are likely redundant in most aspects of signaling however we note that 
coupling between fragile-X proteins and PAKs only occurs with PAK1 (Fig. 4.1). It is not 
clear which of the zebrafish PAK isoforms are expressed during early development because 
isoform-specific antibodies to mammalian PAKs do not recognize the fish versions. Although 
PAK2- null mice are embryonic lethal (Hofmann et al., 2004), PAK1 or PAK3 loss in mice 
has rather minor developmental defects (Hayashi et al., 2004; Hayashi et al., 2007b).  We are 
currently testing if the ubiquitous PAK2 indeed plays an analogous role downstream in Chp 
in murine embryonic stem cells during differentiation. 
 
Non-canonical Wnt signaling in Xenopus laevis and zebrafish initiates the cellular 
rearrangements and migration that contribute to convergent extension of involuting mesoderm 
and involves multiple Rho GTPases. This is initiated by the Wnt11 receptor Frizzled 7 that 
activates a PKC-dependent signaling pathway to promote Cdc42 activation (Djiane et al., 
2000); inactivation of this pathway causes ineffective tissue separation and severe gastrulation 
  112 
defects in Xenopus. As for the planar cell polarity (PCP) pathway in Drosophila, vertebrate 
Wnt signals involve JNK (JUN N-terminal Kinase) proteins, and the interaction of RhoA with 
the formin DAAM1 (Kim and Han, 2005; Munoz-Descalzo et al., 2007). Our data suggest 
that morphology and migratory behaviors in vertebrates involves other Rho family GTPases 
during gastrulation. It will be interesting to see if alternate Cdc42-like GTPases signal via PIX 
and PAK pathway to regulate E-Cadh in multiple epithelial containing tissues during 
development. 
 
6.3 A new target for active PAK1 - the KH2 domain of FMR1 and FXR1 
A wide range of "G-quartet" containing mRNAs are high-affinity targets for the fragile-X 
RGG boxes (Darnell et al., 2001), but the issue of mRNA binding to the N-terminal domain 
of FMR1 or FXR1 remains unresolved. The FMR1 KH(2) domain is regarded as critical for 
the interaction of FMR1 with polyribosomes, which is disrupted by the FMR1 I304N 
mutation (Feng et al., 1997). It has been suggested that the KH domain binds to a "kissing 
complex" of RNAs that then mediate interaction between the Fragile-X mental retardation 
protein and brain polyribosomes (Darnell et al., 2005). The RNA module termed the 'FMR1 
kissing complex' is actually an in-vitro selected aptomer that may or may not have natural 
counterparts. This aptomer blocks association of FMR1 with brain polyribosomes, but this 
does not necessarily indicate competition for mRNA alone since RNA aptomers can be 
selected for almost any protein surface. Since the KH domains are highly conserved between 
the three fragile-X isoforms it is likely that the arrangements of FXR1 and FMR1 residues are 
essentially identical. Inspection of the sequence reveals a basic patch at one end of the protein 
that likely interacts with RNA sequences. We have shown that the mutations, (FXR1-
Q348K/E352A), introduced in this region abolished PAK1 binding and shown incompetence 
in rescuing the phenotype of FXR1 morphants. Although we have not carried out the 
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equivalent changes in FMR1, we anticipate that such a substitution would abrogate PAK1 
binding. 
 
Our present report shows that the KH(2) domain of FMR1 and FXR1 can interact with a 
small α-helical region within the PAK1 KID.  This interaction is dependent on the activation 
of PAK1 since the KID sequence is buried in the auto-inhibited PAK1 dimer (Parrini et al., 
2002).  The FXR1-I304N mutant likely leads to structural disorganization of the KH(2) 
domain (Valverde et al., 2007). Although PAK1 can phosphorylate FXR1 Ser420, we believe 
this is likely a site of modification by a number of protein kinases since the expression of 
GST-KID does not block modification of this residue in cell culture (data not shown). 
 
6.3.1 FMR1 phosphorylation and its possible roles 
FMR1 has been shown to be phosphorylated in a serine/threonine-rich region spanning FMR1 
residues 483-521 [conserved with FXR1(392-430); see Fig. 4.3], both in murine brain and in 
cultured cells (Ceman et al., 2003). Primary phosphorylation occurs on the highly conserved 
Ser500 (see zebrafish sequence Fig. 4.3). Phosphorylation of FMR1 occurs within 2-4 hours 
of synthesis, but has no effect on its half-life or interaction with mRNA (Ceman et al., 2003). 
It has been established that casein kinase II (CKII) phosphorylation of (Drosophila) dFMR1 
at Ser406 (hFMR1 Ser500) triggers hierarchical phosphorylation of nearby serines by 
GSK3β. Substitution of hFMR1 Ser500 with alanine abolishes phosphorylation by CKII in 
vitro (Siomi et al., 2002). FMR1 phosphorylation does not appears to affect its interaction 
with FMR1-specific mRNAs in vivo, but phosphorylated FMR1 selectively associates with 
stalled polyribosomes (Ceman et al., 2003).   
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We show that PAK1 can efficiently phosphorylate FXR1 on Ser420 that is conserved in 
FMR1 (Ser 511). A large scale phospho-proteomic study (Mann and Jensen, 2003) previously 
uncovered this FXR1 modification in cells, and we have confirmed this using phospho-
specific antibodies. The ribosomal protein S6 kinase (S6K1) has also been identified as a 
major FMR1 kinase (sites undefined) in the mouse hippocampus, and activity-dependent 
phosphorylation of FMR1 by S6K1 includes signalling inputs from mTOR, ERK1/2, and 
PP2A (Narayanan et al., 2008).  FMR1 can interact with GRK2 where pharmacological 
inhibition rescued D1 receptor signalling in Fmr1(-/-) neurons (Wang et al., 2008) H), but the 
significance and target of phosphorylation is not known. In FMR1 KO mice, synaptic delivery 
of GluR1-, but not GluR2L- and GluR4-containing AMPA receptors is impaired, resulting in 
a selective loss of GluR1-dependent long-term synaptic potentiation (LTP). Recently it has 
been shown that increasing Ras-PI3K-PKB signalling restores synaptic delivery of GluR1-
containing AMPA receptors, and LTP in FMR1 KO mice (Hu et al., 2008) . 
 
6.4 Significance of PAK1, FMR1 and FXR1 interaction 
Genetic knockout of PAK1 in mice results in normal basal and presynaptic function, but 
resulted in impaired long-term potentiation (LTP) at hippocampal CA1 synapses (Asrar et al., 
2008). These PAK1 knockout mice showed changes in the actin cytoskeleton and apparently 
the activity status of the actin binding protein cofilin. Thus one could invoke FMR1 and 
FXR1 as recruiting active PAK1 to affect local actin modulation. Conversely PAK1 can 
phosphorylate Ser 420 and perhaps other sites and thus modify the behaviour of the RNA 
binding protein.  Although we have strong evidence for the functional importance of this site 
(Fig. 4.4), more study is required to work out the molecular details of how this modification 
affects the biochemistry of the protein.  
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In our study we have noted that (human) FMR1 is unable to compensate for Zf- FXR1 knock-
down (Fig. 4.5D). FXR1 can bind G-quartet RNA (the supposed mRNA targets of FMR1) but 
FXR1 and FXR2 isoforms are proposed to negatively regulate the affinity of FMR1 for G-
quartet RNA (Bechara et al., 2007). In the brain, FXR2 can compensate for FMR1 function 
(Spencer et al., 2006), so we would expect partial compensation by FXR1 in FXS (given that 
FXR2 is more sequence diverse). Alternatively these proteins might be coupled to the same 
core regulatory proteins but have overlapping but different sets of mRNA targets.  That FXR1 
and FXR2 show differential binding to PAK1 suggests that the signalling by the kinase 
represents diversification of the module during the evolution of the fragile-X gene family. 
The interaction of PAK1 with FXR1 and phosphorylation of FXR1-Ser 420 have shown to be 
important for proper embryological development of the zebrafish which as a consequence, 
became useful and allows us to assay for its function. However, in contrast to the experiments 
with FMR1 in mice (Hayashi et al., 2007b), inhibition of PAK1 using the chemical inhibitor 
IPA3 during zebrafish somitogenesis is not ameliorated by reduced levels of FXR1. Given 
that the expression of Fxr1 is highly conserved even in distant species (frogs and zebrafish) 
and also shown to be crucial in muscle development, activity of PAK1 could be essential. In 
addition, these PAK and FXR1/FMR1 activities may also operate in the same way to 
establishment of proper mRNA translational control and synaptic connectivity in mammals. 
 
6.5  The role of PAK4 in zebrafish 
Although PAK1 and PAK4 share a high degree of homology in the catalytic and CRIB 
region, it is likely that the phosphorylation targets and protein partners are quite different.  
The best characterized components of the PAK1 complex in cells is PIX and GIT1 which 
appear to be the major scaffold for conventional PAKs, and these proteins can be resolved as 
a complex by gel filtration (Zhao and Manser, 2005).  By contrast nothing is yet known about 
the proteins that are involved in targeting the group II PAKs (Arias-Romero and Chernoff, 
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2008). Although GEF-H1 has been invoked as a partner (Callow et al., 2005), the protein is 
not localized to microtubules where this RhoA GEF is found. Again although binding to 
integrins has been invoked (Zhang et al., 2002) in cultured cells we do not find any evidence 
for adhesion complex localization (YB, unpublished data). The association with 14-3-3 which 
we have clearly been shown not to be required for targeting of the protein suggests a possible 
intra-molecular form of regulation. Nonetheless it is notable that although Cdc42 binding to 
PAK4 does not activate the kinase, it does lead to modification of T207 and 14-3-3 binding. 
 
The loss of PAK4 in mice is characterized by early defects including thinning of the cortex 
and enlargement of the brain ventricles (Qu et al., 2003). The advantages of the experiments 
in zebrafish include the analysis of these early events in live embryos, and an ability to 
establish functional roles for the human proteins by complementing loss of function in the 
fish. Most work on PAK4 has made use of studies in cell culture (and over- expression of 
PAK4 mutants) and therefore focussed on transformation or cytoskeletal change as an 
endpoint (Arias-Romero and Chernoff, 2008). The anti-apoptotic effects of PAK4 (active 
mutants) is not well understood, although the familiar targets such as Bad have been looked at 
(Gnesutta et al., 2001). Rescue experiments in zebrafish showed that Cdc42 binding to PAK4 
is not essential for its function in early development. This is interesting given that in Hela 
cells the anti-apoptotic effects of PAK4 were found to be kinase-independent (Gnesutta and 
Minden, 2003). Thus, these phenotypic rescue experiments suggest that the anti-apoptotic role 
of PAK4 in early development could mirror the effects in cell culture. 
 
The CRIB specificity of PAK4 is quite different than that of PAK1. While PAK1 binds 
essentially to all Cdc42 and Rac1 family GTPases PAK4 has a much more restricted 
partnership (Abo et al., 1998). By co- transfection, Cdc42 is by far the favoured partner for 
PAK4 (YB, personal communication). In Xenopus embryos, the binding of active Cdc42 to 
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X-PAK5 was able to induce its relocalization to actin rich structures (Faure et al., 2005). With 
respect to the interaction of PAK4 with 14-3-3, it is notable that 14-3-3 ζ is a key regulator in 
carcinogenesis (Niemantsverdriet et al., 2008; van Hemert et al., 2004), and this is the best 
binder for PAK4 (Fig 5.4). In the stainings that I have conducted in early development, I was 
not able to detect enrichment of PAK4 at cell contacts. 
 
Rescue experiments highlighted the importance of PAK4 in preventing cell apoptosis 
particularly in the brain (Fig 5.14).  It is likely that aspects of the phenotype observed in early 
stages (cf. 12hpf) are MO- effects that are non-specific, since the PAK4 mRNA is not able to 
completely prevent this apoptosis in early development.  Unfortunately we cannot dissect the 
non-specific toxicity (using p53 MO, (Robu et al., 2007) since the PAK4 effect itself is p53 
dependent as has been reported for 'normal apoptosis’ in early development which occurs 
mainly in the CNS (Dummler et al., 2009). 
 
By using the ability of human PAK4 mRNA to rescue the brain defects at 24hpf we have 
shown that PAK4’s mode of action is in the cytoplasm (rather than the nucleus, Fig 5.11). 
Whether PAK4 plays specific roles in phosphorylating nuclear targets remains to be 
addressed since its mode of activation is not well established. I have tested which Bad might 
represent a PAK4 target in the zebrafish by investigating the effect of Bad-MO (data not 
shown), however there are two bad-like genes in the fish, and neither is well conserved 
among the mouse and human orthologues. 
 
Xenopus PAK5 (PAK4) has been reported to move to the nucleus in late G2 (Cau et al., 2001) 
and is suggested to participate in cell cycle progression by interacting with the microtubule/ 
intermediate filament network. This intracellular shuttling is likely regulated by modification 
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of the conserved NLS (identified in Fig 5.14). Our working model for PAK4 function in early 
development is that the kinase is operating in the cytoplasm where it interacts with active 
Cdc42 leading to 14-3-3 recruitment. This may favour the partnership of PAK4 with other 
proteins, which are yet to be discovered. Additional rescue experiments need to be 
investigated, particularly with respect to any differences in the behaviour of PAK4 and its 
family members PAK5 and PAK6. 
 
Concluding comments and future experiments 
In the three parts of work presented here, I have demonstrated the usefulness of using 
zebrafish as a vertebrate model and shown for the first time a number of signalling pathways 
(Summary Fig.) including a completely unexpected Chp-PIX-PAK module that is essential to 
localize E-cadh at the AJs during zebrafish epibolic morphogenesis. I have also demonstrated 
that loss of FXR1 which is a binding partner of PAK1 affects somite development in 
zebrafish. FXR1 mutants that include mis-sense mutations at I304N and Q348K/E352A 
which are unable to bind PAK1, have also lost the ability to rescue the defective phenotype. 
Thus these evidences presented have shown that the interaction of PAK1 with FXR1 and the 
phosphorylation of FXR1 at serine 420 are essential for proper embryonic muscle 
development. In addition, I have also observed that the defects in neural development in 
PAK4 morphants resembled those of PAK4 KO mice (Qu et al., 2003). Thus PAK4 is 
indispensable for proper brain development because it protects from widespread cell 
apoptosis. This phenotypic readout has also uncovered the requirement for PAK4 in the 
cytoplasm and suggests that nuclear PAK4 is not essential at this stage. 
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 Summary Fig. Model depicting the Chp-PAK-PIX mediated pathway which is essential to 
maintain E-cadh at the EVL of epiboly for epibolic morphogenesis, the interaction of PAK1 
with FXR1 for embryonic muscle development and how the activity of Cdc42 is crucial for 
the recruitment of 14-3-3 to the activated PAK4 in the cytoplasm for brain development. 
 
Given our data suggests that morphology and migratory behaviours in vertebrates involves 
the atypical Rho GTPase Chp during gastrulation, it will be interesting to see if alternate 
Cdc42-like GTPases also signal via PIX and PAK pathway to regulate E-Cadh in other 
epithelial containing tissues during development. The mis-localization of E-cadh from the AJs 
to the cytoplasm suggested possible involvement of endocytosis. Therefore I would propose 
that the future work should include the investigation of the mechanism on how Chp regulates 
the dynamic recycling of E-cadh. This is necessary to gain further understanding on the 
signalling pathways that govern the morphogenetic process in epiboly in light of recently 
reported endocytosis involving Rab5c (Ulrich and Heisenberg, 2008). In drosophila, Cdc42 
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was found to function with the PAR complex to regulate early E-cadh endocytic activites 
which are dependent on dynamin in epithelia tissues for the integrity of AJs (Georgiou et al., 
2008; Leibfried et al., 2008). Therefore on this basis of analysis, it would be useful to assess 
whether Chp plays a role in this mode of adhesion and possibly build on the model which 
illustrates the plasticity of AJs. In addition since paxillin and phosphorylated focal adhesion 
kinase (FAK) were found distributed in the EVL (Crawford et al., 2003), it will be interesting 
to see if they function cooperatively with Chp during cadherin- based cell adhesion during 
early morphogenesis. 
 
In Xenopus, XPAK5 (homologue of PAK4) was found to physically interact with Inca 
(induced in neual crest by AP2) which is expressed predominately in the neural crest (Luo et 
al., 2007). Since both Inca and Maya (an Inca- related protein) can both act as PAK4 partners, 
it will be of interest to establish the function of pathways involving these proteins by taking 
advantage of the phenotypic analysis of early development in zebrafish. I have already 
established by RT-PCR that the Zf Maya transcript is present from 50% epiboly. By contrast 
Inca is expressed later after induction of the neural crest (Luo et al., 2007). With respect to 
PAK1 with FXR1 interactions, further structure-functional studies can be carried out to study 
new binding proteins, mRNA binding and other features of the protein by assessing the ability 
of mutant proteins to allow proper development of muscles in zebrafish embryos.  
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Appendices 
I Primer sequences 
Primer Sequence 5’ – 3’ 
Cdc42a Forward ATGCAGACGATCAAGTGCGTCGTTG 
Cdc42a Reverse GAAAGTGTGGGGAGTTAGAAAGAGA 
Cdc42b Forward ATGTCCACAATTAAATGTGTGGTAG 
Cdc42b Reverse TCATGTGATGACACATTTGCATGTG 
Cdc42c Forward ATGCAGACCATAAAGTGTGTGGTGG 
Cdc42c Reverse CTACAAAAGGACGCAGCGCTTCTTG 
Chp/ RhoV Forward ATGCCACCTCAAATGGATTACTTTT 
Chp/ RhoV Reverse TCAGATGAAGCAGAAGAATTTTTTC 
β-actin Forward CAACGGCTCCGGCATGTG 
β-actin Reverse TGCCAGGGTACATGGTGG 
αPIX 1655 Forward  ATGTTAAACCTTTAACCATGCCTGG 
αPIX Reverse TTAGTGACCTCCTTCATCCCAGGAA 
βPIX 1678 Forward ATGGCGGCACCCAGCATGAAACCCC 
βPIX Reverse TCATAAATTTGTCTCATCCCAAGAAGGATC 
γPIX 1695 Forward ACAGAGTGTGCCCTGCCATACACTG 
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γPIX Reverse TCACAAATTGGTTTCATCCCAGGACGGGTC 
RhoV T43N sense GCTGTGGGGAAGAACAGTATGATTGTC 
RhoV T43N anti-sense GACAATCATACTGTTCTTCCCCACAGC 
RhoV G38V sense CTGGTTGGGGATGTGGCTGTGGGGAAG 
RhoV G38V anti-sense CTTCCCCACAGCCACATCCCCAACCAG 
E- cadherin 1 Forward CGGAGGAAAAGCAACTCCAAAAAAG 
E- cadherin 1 Reverse TTAATCCTCTCCTCCTCCATACATG 
E- cadherin 2 Forward AGAAAACACAGAAGCATAAAGGAGC 
E- cadherin 2 Reverse TTAATCCTCTTCTCTTCCATACAAA 
N- cadherin Forward AGACGGGATAAAGAGAGACAGGCCA 
N- cadherin Reverse CTAGTCGTCGTTACCTCCGTACATG 
 
  145 
II MO sequences 
MO name Sequence 5’ – 3’ 
Cdc42c MO TTATGGTCTGCATCGTTTCTCTCCG 
RhoV MO1 GAGGTGGCATGTCCGACAACTAAAG 
RhoV MO2 CAGGGAGAAGCGTCCTCAGGAAAAC 
βPIX A MO GTACTGGTTGAACTTGTGCCTGGAG 
βPIX B MO TCATATGCGTTAAAAAGCGATTAAT 
Fxr1 MO ACCTCCACCGTCAGTTCCTCCATGT 
PAK4 MO TTTTCTTCTTGCTGAACATGGCTGC 
P53 MO GCGCCATTGCTTTGCAAGAATTG 
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